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Cytotoxic T lymphocytes (CTLs) which carry the CDS antigen 
recognize antigens that are presented on target cells by the class 1 
major histocompatibility complex. CTLs are responsible for the 

AUU^ rrf "i'"'""^ virus-infected cells. 

Although CTL effectors can act alone when killing target cells, 
their differentiation from naive CD8-positive T cells is often 
dependent on 'help' from CD4-positive helper T (T„) cells'" 



nrnlr ^'^^ P"'"*"^' ^elp must be 

provided in a cognate manner, such that both the T„ ceU and 

On. Ji/''!?""/ ""u-^'" antigen-presenting ceU^ \ 

cnnv!? h" ^«^^"irement is that cells are needed to 

convert the antigen-presenting cell into a cell that is fully compe- 
tent to prime CTL^ Here we show that signalling through CD40 
on the antigen-presentmg cells can replace the requirement for Th 
cells, mdicating that T-cell ^help; at least for generation of CTLs by 
cross-pnming, ,s mediated by signalling through CD40 on the 
antigen-presenting cell. "" me 

CD8-positive CTLs are responsible for rhe lysis of antigen- 
beanng target cells These CTLs recognize pepticle antigens pre- 
stnted bycinss molecules encoded within the major histocompat- 
Mny complex (MHO. Generation of effective CTL responses often 
requires help from a second subset of T lymphocytes, the CD4- 
positive helper T (T,) cells'-, but this is not always the case'-^ In 
response to the soluble protein ovalbumin (OVA), both T»-ceII 
dependent and T„-cell-indepenclent CTL immunity c^n be 
..Kluced-^ When the K'Vestricted OVA peptide determinant span! 
mng residues X57 to 264 (OVAp) was emulsified in complete 
Freunds adjuvant (CFA) and injected subcutnneously. CTLs 
could be generated in mice lacking CD4-positive T cells {L l^Y 
In contrast primiiig by intravenous iiijection of irradiated spleen 
cells loaded wjth OVA by osmotic shock (OVA-loaded spleen cells) 
.required the presence of CD4-positive T cells (Fig. lb) This latter 
form of nnmunization occurs by cross-priming^^ requiring re- 
presentation of antigen by host bonc-marrow-derived antigen- 
presenting cells (APCs). Dissection of the cellular interactions 
involved in this response^ revealed that, like the induction of 
CTLs that are specific for the Qal antigen', the Th and CTL 
populations must recognize OVA on the same APC for effective 
CTL priming This could be explained in two ways: either the T„ 
cells need to closely associate with the CTL to deliver short-range 
signals such as interleukin(IL)-2 (ref. 1), or they are required to 
modily the APC. converting it into a stimulatory cell for CTL 
priming^ ^ 

There is evidence that CD40 and CD40 ligand {CD154) are 
important in both the humoral and cellular immune responses 
reviewed m refs 10, 11). These molecules have been implicated in 
the generation of CTL responses to adenovirus'^ and in the estab- 





Effecior/Target 

Flgiire 1 OVA-specific CTLs can be generated in CD4-independent and CD4- 
dependent ways. Normal B6 mice (filled circles) or B6 mice depleted of CD4- 
positive T cells by twice-weekly intra peritonea I injection ot 100^.1 GK1 5 ascites^ 
(open circles) were injected either a. subcuianeously with 20 OVAp in 200 d 

CFA,orb..ntravenoustywithirrad-atedB60VA-loadedspleencellsasdescribed* 
Afters days, spleen cells from each mouse were restimulated for 6 days/n vitro as 
described . On the day of assay, effector cells were examined for their ability to 
lyse Cr-labelled EL4 targets that were or were not pulsed with OVAp Non- 
specific EL4 lysis was <10%. 



1 to 100 1,000 
Effector/Targei 



Figure 2 Treatment with a monoclonal antibody against CD40 replaces 004- 

pos.i,veT-cellhelpingeneratingOVA-specihcCTLs.rvJormalB6mice{circfes)and 
H-2A -dehcient B6 mice (squares), were injected intravenously with irradiated 
OVA-loaded bmi spleen cells^. They were then left untreated (circles) or were 
injected intravenously daily for 4 days with either 0.1 mg of a CD40-speciHc 
monoclonal antibody. FGK45 (ref, 17) (open squares) or an lgG2a isotype control 
KT50. specific for V.8 (filled squares). Eight days after priming, the spleen cells 
from each mouse were restimulated /n Wfro for six days. We then examined their 
ability to lyse ^'Cr-Iabelled EL4 targets that were or were not pulsed with OVAo 
Nonspecihc EL4 lysis was <7%. 
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CDr54 I fi ""^ '° lymphocytic choriomeningitis virus" 

cufi, ""--"P^^ivc to adenovirus in tl,at thev 

do no, generate e.ther antibody or CTLs", unless co-i„;ec,ed wi' h a 
CD40-st,muiatmg monoclonal antibody. However/it was no 
ietermmed which cellular population was normally responsibk 
for supplymg CD154 for CTL induction; CD4-posi ive T," c « 

mat as this ligand is mainly expressed by activated T„ cells" " 

Tf'"^ ■™>' '■'■P'-"™' provided bJ 

•hese cells during CTL generation. To test this, we determined 
whether a CD40 stimulus could substitute for T„ cells in 'l e CTL 

H^ASvh Vh h'""'™'''' '-'^"8 .he MHC Ion, 

H-2A , which do not express MHC class 11 molecules and therefore 

OVA 1 "-'"''""'i ™4-posi,ive T„ cells, were primed 
OVA-loaded spleen cells in the pre.sence of either a CD40-stimu""t 
,1^ monodonal antibody, FGK45 (ref. 17). or an isotyp "comrd 
antibody. We then examined OVA-specific CTL generation iF^Z) 
We used spleen cells from bml mice as the OVA-loaded pHniing 
.source to ensure that stimulation could only occur through cross 

P^enl'oVA r Cnf' '"^ "^-'T ""-^"'^P^ ca„n7di3 
present OVA to CD8-positive T cells. In this case, strong CTL 

responses were induced in the presence, bu, not the absence, ofrtt 

CD40-specific monoclonal antibody. There was no CTL p in „„ 

cell" in hI^"'? r"'^'"^ """^""l CD4.p„sitive T 

r fi^do , , '^oi'W substitute for T„ cells when -i 

CD40 stimulus was provided, we performed similar experimems , 

hymectomized B6 mice that were depleted of CD4-positiv T « 
by administration of monoclonal antibody (Fig. 3) This show 

hat, even when CD4-positive T cells were depleted by , 
mice could be primed only in the presence of a CD40-Lm S 

.substitute for T„ cells, suggesting that help is normally mediated 
Ix^refedon'^^ci-''-^ ^""""'"^ 

rn4n """"J"™ explanation, however, is that signalling by 'ihe 
differeT" ."""f ""^'"'^ '"^"""•^'i ""'Pletely 
»d 'ov/"^ ^" "''^ P°«'bilfty, we 

rnZ CD40-deficient or 

tte ftrmof """-,'^^040 signalling is normally involved in 
11... form of priming, these mice .should no, generate OVA-specific 



letters t 



CTL responses. CTL responses were indeed poor in both CD1S4 
deficient mice (Fig. 4a) and CD40-deficient n,L (Fig 4b .„ one of 

fficirnt CTr"" '"ice, we defected relatte^ 

ethcent CTL responses (data not shown). As we performed this 
e.xperimen, soon after introducing ,he CD40-defident n'ce into 
ou colony, we suspect thai subclinical infections provided inflam 
m tory signals that substituted for ,heCI31S4 signal of T„ Us.™ 
much the same way as CFA replaced the need for T„ ceHs in 
generation of OVA-specific CTLs'' (Fig. ,a). The genera 11 "k of' 

ZcdVZ : 'f'"*' ^"^^ " CD 1 slsupporJalo^- 
lor CD40 .signalling in the cro,ss-priming of OVA-specific CTLs 
Pnming of CTLs by OVA-loaded spleen cells oc urs through 

med ated by a r„-cell interaction with ihe same APCs as seen by the 
47^„,i Tr"™?' ""^ '^'^'54 in this response (Fig 

1 ce T ceil ' ' " C"r-^P«"''^ "'O'-'onnl antibody fo 
replace T„ cells (Figs 2, 3), indicates that CD4-posilive T-cell heb 

bT A^d" sn r <-'^l'^f<".CD4» ..-gnalling. As CD40 is ex^ ess S 
by A O such as dendritic cdls (reviewed in ref. 10) and as 
signalling through CD40 is important for maturation of severa 
ntigen-presenting function.,"--, ihe cross-priming APC prob 
ably represents the target cell that is stimulated through CD40 B 
cells, which also expre.ss CD40, are unlikdy to be involved Tn "hi! 
response, as presentation of antigen by this populatioTL tolero 

eel"'' Asiir ir ^"'-^""T Pres"n e':'; T„ 

cdls . Asm II proportion of CD8-positive T cells h.-,s been reported 
to express CD 0 ref 27). .so a direct interaction between CDf54 on 
the T„ cdl and CD40 on the CTL may occur. This would, however 

s murirCT?'";' "■"■^ """^ - Arc! 

as murine CTLs do nor express MHC cLrss II molecules 

How signalling tlirough CD40 enables the cro.ss-priming APC 

effec ive y to stimulate CTLs is unclear, although CD40 signals 

rets 14. 19), Cp44H (lef. 20) and ICAM-I (ref. 21) on various cell 
ypes, and to the secretion of cytokines, such as tumour-necros's 
factoi-c, IL-.p and IL-12 (refs 10, 19,22-25). Whether these o 
other events fo™ the critical downstream hdper effects provided by 
T„ cells IS unknown. Although CD40-CDI54 inreracUons arl 
mportant for ihe induction of CFL immunity ,o adenov" u ■ ' 

'T'';r" "^^^^ ■■^■^"""^ '° -^-^ « h- 

v.rust . We suggest that, l,ke CFA, which allows the induction of 
TH-cell-independent CTL responses to OVA, some viruses ^ 




1 10 100 1,000 
Effector/Target 

Figure 3 A CD40-specif1c monoclonal aniibody can replace CD4-posi,ive T-celt 
elp .n the induction of OVA.peci.c CTLs. Thy.ec.o.ized B6 .ice we^ 
depletedofCD4-positiveTcellsbytwice-we^ 

25 ^ToT: 7: ^'^^ '---^ 

t'ated w h ^'^'''''i'' ^P'-" C04.dep,eted mice we.e then either 
treated with 0.1 mg anti-CD40 antibody intravenously daily for 7 days (open 

ru^rT "^'^^ "^"'^'^aeffectorcells we 

inludednachromium-releaseassayusingEL4targetcelIsthatwereorwerenol 
pulsed w.th OVAp. Nonspecific EL4 lysis was <5% 




10 100 



I 10 100 1 
Effecior/Targei 

Figure 4 The role of CD1 54 and CD40 in (he generation of OVA-specihc CTLs bv 
normal B6 mice (hNed squares) with bmt OVA-loaded spleen cells, and then 

re.T H w ""^^ '''' ^'^i'ar 

results, We rmmunized two CD4C^deficient- mice (open squares) and two 
normal B6 mice (filled squares) intravenously with bm 1 OVA-loaded spleen cells 

andthenexaminedforCTLgeneration.Weperfcrmedthisexperimemfourtimes" 
with three expenments giving similar results, fWonspecihc EL4 lysis was <36% ' 
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provide inflammatory signals that activate APCs directly circum 
venting the.r need for activation through CD40. P rh ps the 
Sr^Pr^H^^'? ^'^P^"^' - whether the p o 

o s oref "'J' P^^^^"^^ ^"^'g- -^--t]y by 

cross-presentation. Alternatively, there may be other inherent 

oZcT """" ^'^^ CD40-independent activnZ 

The abihty to replace Th cells with an antibody against CD40 may 
provide an opportunity for vaccination under circumstances that 
were previously difficult, either because of a lack of available class 11- 
restncted antigenic determinants (as may occur with some tumour 
antigens) or because of a deficiency in CD4-positive T,, cells (as 
occurs m AIDS patients). Further dissection of the ILlecu 
interactions involved in the generation of immunogenic CTL 
''^'P^'^'^'^^^y^^pinv^^^^ design and function. □ 

Methods 

Generation of CTL responses. CTL re.pu..sc.s to OVA were generated a. 
dtscnbed . Briefly, mice were primed with 25 X lO^' OVA-londed .spleen eel). 
Seven to eight days late, we rest:mulated .splee. cells from primed mice .Uro 
for s,x days wuh irradiated (1.500 centiGray) OVA-ioaded B6 spieen cells or 
.- .ated (2^000 cemiGray) E.G7 tumour cells. We then examined the'h i ^ 
..f the pnnied spleen celLs to lyse ^'Cr-labelted EL4 target cells, pulsed o 
unpulsed wuh OVAp as descrihed^ The percentage of OVA-specific'lysis wa 
then calculated as the percentage of OVAp-pulsed EL4 lysis mmus the 
percentage of EL4 lysis. To generate CTLs in CDi54-deficient^-^ or CD40 
dehcent m.ce. we modiHed the in vuro culture conditions slightly to avoid 
respon.ses to mouse .train 129 minor histocompatibility antigens. Seven days 
after „nmun.zation with OVA-loaded bm 1 spleen cells, we removed Vesponder' 
.splca.and,rrad,atedhalftlKceilsfromeachspleen{i.50acent.Gray).V^ 
-Kled these .radiated cells with OVA with OVA by osmotic shock and used 
these cells as ,„ vuro stimulators for the remaining splenocyte... We combined 
un.rrad.ated responder' spleen cells (3 X lO'-ccllsmP ') with irradiated OVA^ 
loaded cells from the same animal (3 X 1 cells mi " ' ) and cultured them in 
V, r» for S.X days m several 2-n.l cultures. On day 6. we pooled effector cells 
from each mouse and used them in a chn.nium-release assay as described^ 
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Althotrgh m yi.o priming of CD8^ cytotoxic T lymphocytes 
CTLs) generally requires the participation of CD4^ T-helper 
lymphocytes'", the nature of the 'help' provided to CTLs is 
unknown^ One widely held view is that help for CTLs is mediated 
by cytokines produced by T-hclper cells activated in proximity to 

(lur^^rT'"'" '''' antigen-presenting cell 

(APC . An alternative theory is that, rather than being directly 
supplied to the CTL by the helper cell, help is delivered' through 
ac ivatton of the APC, which can then prime the CTL direct!/. 
CD40 and Its hgand, CD40L. may activate the APC to allow CTL 
priming. CD40L is expressed on the surface of activated CD4^ T- 
helper cells and is involved in their activation and in the devel- 
opinent of their effector functions^■^ Ligation of CD40 on the 
surface of APCs such as dendritic cells, macrophages and B cells 
f'^'lj^-frT nntigen-presentatlon and co-stimulatory 
capacity- Here we report that signalling through CD40 can 
replace CD4^ T-he per cells in priming of helper-dependent CD8^ 
CTL responses. Blockade of CD40L inhibits CTL priming; this 
mhibition IS overcome by signalling through CD40. CD40- 

u i f '"''r'''""' i" 'he delivery of T-cell 

help for CT L priming. 

The dependence on 'help' mediated by CD4" T cells for the 
pnming of antigen-specitic CD8^ CTL a-spc,nses has been well 
documented-. Despite this, the mechani.sn, through which help is 
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provide inflammatory signals that activate APCs directJy, circum- 
venting their need for activation through CD40. Perhaps the 
requirement for CD40 signalling depends on whether the pro- 
fessional AFC is directly infected or presents antigen indirectly by 
cross-presentation. Alternatively, there may be other . inherent 
properties of some viruses that aUow CD40-independent activation 
of APCs. 

The ability to replace Th cells with an antibody against CD40 may 
provide an opportunity for vaccination under circumstances that 
were previously difficult, either because of a lack of available class II- 
restricted antigenic determinants (as may occur with some tumour 
antigens) or because of a deficiency in CD4-positive Th cells '{as 
occurs in AIDS patients). Further dissection of the molecular 
interactions involved in the generation of immunogenic CTL 
^^^P vaccine design and function. □ 

Methods 

Generation of CTL responses. CTL responses to OVA were generated as 
described^ Briefly, mice were primed with 25 X 10- OVA-loiided spleen cells 
Seven to eight days later, we restimulated spleen cells from primed mice in vitro 
for SIX days with irradiated (1,500 centiGray) OVA-loaded B6 spleen cells or 
irradiated (20.000 centiGray) E.G7 tumour cells, We then examined the ability 
ol the primed spleen cells to lyse -^'Cr-labelled fiL4 target cells, pulsed or 
unpuised with OVAp as described^ The percentage of OVA-speciHc lysis was 
then calculated as the percentage of OVAp-pulsed EL4 lysis minus the 
percentage of EL4 lysis. To generate CTLs in CDl54-deficient-' or CD40- 
deficient^" mice, we modified the vitro culture conditions siightJy to avoid 
responses to mouse strain 129 minor histocompatibility antigens. Seven days 
after immunization with OVA-Ioaded bm 1 spleen cells, we removed 'responder* 
spleens and irradiated half the cells from eacli spleen ( 1,500 centiGray). We then 
loaded these irradiated cells with OVA with OVA by osmotic shock and used 
these cells as in vitro stimuiators for the remaining splenocytes. We combined 
unirradiated Vesponder' spleen celJs (3 X lO" cells j:ir ') with irradiated OVA- 
Ioaded cells from the same animal (3 X 10" cells m]" *) and cultured them m 
vnro for six days in several 2-ml cultures. On day 6. we pooled effector cells 
from each mouse and used them in a chromium release assay as describedr 

Ht-xtivcd 20 November 1997; accepted 16 March iy9«. ' ' ^ '" • ' .^7- 
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T-cell help for cytotoxic 
T lymphocytes is mediated 
by CD40-CD40L interactions 

Stephen P. Schoenberger^tt, Rene E. M. Toes*t, 
Ellen I. H. van der Voort*, Rienk Offringa* 
& CornelisJ. M. Melief" 

* Department of Immwwhcmatoio^y ami Hlood Bank, University Hospital 
Leiden, PO Box 9600, 2333 A7„ Uidcn, The Netherlands 
t These authors contributed equally to this work. 

Although in vivo priming of CD8^ cytotoxic T lymphocytes 
(LTLs) generally requires the participation of CD4^ T-helper 
lymphocytes' •^ the nature of the 'help' provided to CTLs is 
u^kJlown^ One widely held view is that help for CTLs is mediated 
by cytokines produced by T-helper cells activated in proximity to 

I Ao^J^ P"^""'"' ^* »f antigen-presenting cell 

(APC) . An alternative theory is that, rather than being directly 
supplied to tlie CTL by the helper cell, help is delivered through 
activation of the APC, which can then prime the CTL directly'. 
CD.40 and its ligand, CD40L, may activate the APC to allow CTL 
priming. CD40L is expressed on the surface of activated CD4^ T- 
helper cells and is involved in their activation and in the devel- 
opment of their effector functions"'. Ligation of CD40 on the 
surface of APCs such as dendritic cells, macrophages and B cells 
greatly increases their antigen-presentation and co-stimulatory 
capacity^-". Here we report that signalling through CD40 can 
replace CD4^ T-helper cells in priming of helper-dependent CD8^ 
CTL responses. Blockade of CD40L inhibits CTL priming; this 
inhibition is overcome by signalling through CD40. CD40- 
CD40L interactions are therefore vital in the delivery of T-cell 
help for CTL priming. 

The dependence on 'help' mediated by CD4' T cells for the 
priming of antigen-specilk CD8^ CTL responses has been well 
documented'-\ Despite thi.s, the mechanism through which help is 
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provided to CTLs has remained unknown. We used a wel] chnr- 
nctenzed model system to probe the mechanism of T-celJ help for 
the primary activation of CD8^ CTL responses in vivo. C57BL/6 (B6- 
with the major histocompatibiiity compjex (MHC) H-2'') mice 
.mmunized with aUogeneic BALB/c mouse embryo cells 

MECs) expressmg the human adenovirus type 5 eady region 1 
Ad5E] BALB/c MECs) generated strong CtI! responL ^sl 
^^TTL'^'''^' ^<^^-ovirus El B 'protein 

tlB,„-2oo) (Fig. la) \ As the allogeneic H-2'' MHCs expressed 
by the immumzing MECs cannot prime H-2^-restricted host 
CTLs generation of ElB-specific CTLs must require cross-prim- 
mg, that IS the uptake and H-2^restricted re-presentation of 
antigen by host APCs-\ Cross-priming of ElB-specific CTLs is 
strictly helper-dependent (Fig. lb), as mice depleted of CD4^ T- 
-1 immunization no longer mounted ah ElB- 

specihc CTL response. 

Studies of the requirement for T-cell help in cross-priming of 
CTLs have shown that both Th cells and CTLs must recogLe 
nntigens presented on the same APC^r Although this could be 
explained by a proximity requirement for the efficient dehvery from 
T„ cells of soluble factors such as interleukin (IL)-2. another 
possibility is that a cognate interaction between T„ cells and APCs 
is required to convert the APC to a state that is capable of directly 
pnming naive CTLs^ CD40 and CD40L (CD154) may mediate the 
activation of APCs by Th ceils. CD40 (expressed on APCs) and 
CD40L (expressed on activated T,, cells) are important in both 
humoral and cellular immune responses (reviewed in refs 15 16) A 
allure to properly activate APCs could explain many of the immune 
defects of CD40L-deficient mice, such as the inability to prime 
ant.gen-specific T cells, to resist infection with Leishmanial or to 
1 eject tumours following vaccination with tumour cells" ' 

To investigate whether signalling through CD40 can replace CD4^ 
In ceJls in CTL primmg, we depleted mice of CD4' cells in vivo 
before immunization with Ad5EI-BALB/c MECs. One day after 
immunization, the mice received n single injection of an anti-CD40 
activating antibody, FGK45 (ref 19), or of an isotype-matched 
control antibody. Administration of FGK45 to CD4-depleted 
mimunized mice resulted in the efficient restoration of El B-specific 
CTL responses (Fig. 2a) whereas treatment with the control anti- 
body did not (Fig. 2b). Priming of ElB-specific CTLs was not 
detected in naive mice treated with FGK45 alone (not shown) To 
address the possibility that the effect of FGK45 was mediaied 
through remaining CD4^ cells that were not depleted by treatment 
with the anti-CD4 antibody, we immunized B6 I-A^ knockout 
mice, which lack functional MHC class H-restricted CD4^ periph- 



Mttjrs^jjature 

eral T celis^'*. with the Ad5El-MALB/c MECs. The response to 
mimumzation m these mice mirrors that seen m the CD4-depieted 
mice, in t^.at E IB-specific CTLs were detectable only in m^ce 
receiving the CD40-activating antibody (Fig. 2c), and not in tho e 
receiving the control antibody (Fig. 2d). We studied whether the 
requirement for anti-CD4{) antibodies in priming of CTLs in CD4- 
depleted mice cmild be replaced by administration of bacterial 
hpopoly.sacchande (LPS) (50,xg intravenous), a potent inducer of^ 
promflammat„ry cytokines,orlL-2(l X Cetus units in incom- : 
v.il\r.r! n^fr'"'' '''^'''''-'"'-'^'^ ^■"Ji^'vving immunization 
w h FPK^ CD4-deplered mice treated 

with FGK45 exhibited strong ElB-specific CTL activity, neither LPS 
no lL-2 treatment resulted in detectable CTL priming (not shown). 
We also observed no binding of FGK45 to CD8^ CTLs from either 
naive or immunized mice, although significant binding to surface- 
.mmunoglobuhn-positive B cells was consistently observed (not 
shown) These results ijulicate that activation through CD40 can 

icS-' 1""'''' ^'^"^^"^^^^ ^'^^'^ costimulatory 

activity , suggesting a role for these cells in the restoration of 
CTL priming by treatment with anti-CD40 antibodies. To address 
this question, we immunized Bfi ,xMT mice, which lack mature B 
cells with the allogeneic Ad5El-BALB/c MECs. Cross-priming of 
E B-spec.hc CTLs did not require mature B cells (Fig. 3a). However 
when depleted of CD4^ cells, the B-cdi-deficient mice did not 
generate an ElB-specific CTL response (Fig. 3b). Activation 
through CD40 with FGK45 completely restored the capaciJ of 
tlio CD4-depleled p^Ml mice to prime ElB-specific CTLs (Fig 3c) 
Thus B cells are not required as APCs or accessory cells for cross- 
pnmmg in our system, nor are they required for the CD40- 
mediated restoration of cross-priming of CTLs in the absence of 
CL)4 T-helper cells. 

Our results thus far are consistent with the idea that FGK45- 
mediated restoration of CTL priming operates through activation 



Anti-CD40 Ab 




75 
50 
25 
0 



* Normal 

100 



S: 75 
« 

^ 50 
(J 



25 




-::==st;;=;;;5s:;::::: 



7.5 



30 

En 



b 

100 
75 
50 
25 
0 



CD4-clepleted 



g 
;g c 

75 
50 
25 
0 



7.5 



30 



60 




7.5 



30 



60 



b 

100 
75 
50 
25 
0 

d 

100 
75 
50 
25 
0 



Control Ab 



CD4-depleted 



7.5 



30 



60 



Class (I KO 



60 



7.5 



30 
EfT 



E/r 



60 



Figure 1 Cross-priming oi ElB-specific CTLs requires CD4- T-helper cells 
Sptenocytes (rom a. normal, or b, CD4-depleted B6 mice immunized with Ad5E 1 - 
BALB/c MECs were tested at various effector/target {E/T) ratios for lysis of 
syngeneic MEC target cells loaded with the E 1 B,^^.^,, peptide (solid lines) or a D"- 
restnaed control peptide. HPV- 16 E7.,.57 (dashed lines). Each line represents one 
mouse. Data shown represent one experiment of three performed with similar 
results. 



Figure 2 CD40 activation replaces CD4- helper T cells. Splenocytes from a b 
CD4-depleted. or c. d, class-ll-dehcient l-AUnockout (KG) B6 mice were 
immunized with Ad5El-BALB/c MECs and treated with either the CD40- 
activating antibody (Ab) FGK45 (a, c). or an isotype control antibody (b d) 
These splenocytes were tested (or ElB-specific CTL activity on syngeneic MEC 
target cells loaded with either the E 1 B ,o,.aco peptide (solid lines) or the HPV E7,b ,y 
control peptide (dashed lines]. Each line represents a single mouse Data 
deprcted are derived (rom two independent experiments. E/T. effector/target 
ratio. 
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Figure 3 B cells are not essential as cross-priming APCs or for anti-CD4a 
rned:atedrestorationofcross.pnrr.ing.Splenocyteswereta.enfroma untreated 

^spLircrT '"'^^ '^^^^ nested Ir 

lines?E;chTnr ^ " ('hashed 

«rrnedw,,hs,.,,arresults.E/T,effector/target ratio ,MT,B-cel.de.^^^^ 



Fl ur, 4 CD40L blockade prevents cross-pri^lng ol E,B-spod«o OTLs 
Spe„ocy,es wars ,ak.r, ,rom a, b. B6 r„lce im.urtized with AdSEI-BALB^c 
MECs and .reared wirh a, ,he OD-.OL.blocking antibody MR,, or b ha,„s,er IgG 

revived the CD4aact»a.,ng anfbody FGK45 24 h after irrrmunization These 

e , Th '™ ^^"9-^10 MEC «rge' 

cells loaded w„l, ,he E,B^.^ peptide (solid lines) or the HPv E7„ rcontro 
pepude (dashed lines). Each line represents one mouse. Data sht^^^^p ^ 
one expen^en, c, perfornted „i,h similar results, m. effector/targe r^o 



of CD40 on a non-B-cdl APC, most likdy of the dendritic cell/ 

byCm TceIlstohelpCTLs,blockingthenbilityoftheCD4-T cells 
xpeaeT'to"? ^'''^ /"""S" CD40L-CD40 inLctioris wojl b 
expected to diminish prtming of ElB-specific CTL responses in 
ormal mice. We immunized 86 mice with Ad5EI-BALB/c MECs 
"d then treated them with either „ CD40L-blocking antibody, MR 
( ef 23 , or control .-intibodies. Blockade of CD40L resute , 

wi n tne ethc lent CTL priming seen in mice receiving the control 
antibodtes (Fig. 4b). The priming defect induced by CD40L Xk 
..te fully restored follo„ingCD40signalIingbyraK45(Fi '4^^^^ 
cdls mran .' ^■^^"^ "^^ade lies in the failur of T„ 

cells to transmit, rather than to receive. CD40L-mediated signals 

Our results reaffirm the notion that priming of virgin CtS i„ 
requires the interaction of three distinct cell types- Z an iuen 
.specific CD4* and CDS* T cells and the antigen-bear i g AFC 
However, m contrast to the model proposed by Keen e and 
ForW our resu ts indicate that, rather th.an direcfy stin at ng 
h CTL, the contribution of CD4- T„ cells involves the activation of 

ofaonal non-B-cell) APCs (hrough CD40-CD40L i, ° a 
l.ons^ These data support the model ofT-cell help for CTI ,1 , 

CD40L interactions as mediating the activ..tion of APC by T„ cells 
This mechanism of T-cell help allows ihe interaction of three ee l 

pes to be accomplished through sequential, two-cell iiue ctb ' 
ie first mvolvrng T„-„iediated activation of APCs, which are the 
able to prime CTLs directly 

The recovery of CTL responses by treatment with an activa,in» 
antibody against CD40 h.ns been seen by infecting CD40L-defi "? 
mice wuh a recombinant adenovirus" However' in thl s mdy hj 

dthcient mice used were not depleted of CD4' T cells. Here we h.ave 
.shown that a„ti-CD4() antibodies allow the priming of !elper 
dependent CTLs ,n the physical, or functionak absence of CD4* 



cells 

Although the identity of the host APCs involved in cross-primin. 
remains unknown, our results rule out a requirement fo b'^I , 
our system, either as APCs or as sources of nonspecific cytol^e 
ajstimulatory signals in response to CD40 activation. ThuT e 
effect of anti-CD40 antibodies may be mediated through the 
activation of a CD40* non-B-cell APC. Among the other CD4o! 

cells . It ,s therefore likely that the mechanism by which CD40 
482 



stgnalfing allows helper-independent CTL priming involves one or 
n»re of the alterations tha, are induced by ligadon o CD40 on 
c endritic cells, such as upregulalion of surface CD80/CD 6 leve s or 

negr;s^::;s'\r^s';r:;^^ -"^ 

de^end^TrTV"""''' "™ /"»«hls inio the nature of helper- 
dependent CTL respon.ses and suggest melhods for their manipula- 

Sn T^'^'^T °f APCs through 

CD40 may be useful in eliciting CTL responses in situations where 
the num er or activity of CD4 ^ T„ cells is limiting, such as o curs 
AIDS patien s. These findings arc also relevant to tumour imrai" 
oology, as they indicate that a l.nck of tumour-specific T^"ell 
de^ermmants may prevent efficient priming of tumour-spec^ 
CiLs^By combining active vaccination with CD40 signalline in 

CT t ™ I , ^ "-^f"! ^'^W'^ving the full 

CTL-,.timulatory potent.al of dendritic-cell-based vaccines pre 
pared ,„ v,,™- Fiualiy, our data contribute to knowleZ of the 
emerging ro e of CD40-CD40L interactions as key elements in th 
legulation ofboth T- and B-ceil immune responses. The liX of 
Ca pnnimg ,0 r„-rlependc,„ APC activation in,po,ses an impor- 

i" nS'rv'""'"',r -po"- 

oZb h , Cn,ss.,„e.sen,ation ofovalbumin 

(0\A) by bone-„,arro.v-denved APCs has been shown to lead to 
de elion of OVA-specific CTLs when OVA is expressed as a s If 

ovHedfi CT ' """""^ '"^ o 

OVA o,d d "•f^-P""""S '^PCs, which occurs when 

UVA- oaded cells are u.sed for .mniunizaliun'. Our results indicate 
.hnt the activation state of the APC. which depends on a ogn e 
.nler,-,ction w„h T„ cells mediated by CD40-CD40L interactlom 
".ny be importam in orchestrating these different outcoin "n the 

t wr^TcDlo ■.^;Tnr''"'''^^'"- " of the impor! 

tance of CD40-CD40L interaclions for CTL priming and tolerance 

; Idt : f"*'^"""' ^oth vaccina ion 

nnd tolerance induction. ^ 

Methods 

Mice, cell lines, and immunizations. r.-l2-wcck-okl n.aJe m {H-t) ,«ice 
used .n this study were ub.nincd from ,hc Ncth.ri.nd.s Ca.Ker institute 
(An.stcrdan.,. H6I-A^kn.ckou. .i„d l,M-knockou, {^.MT) mice' w 
obtntncd froin Mat.in,.. Ti,e «cncr.i.n of (H- 
MECs and AdSRi -H6 MECs has been descril>«i-- Ail /„ .Uro cultures were 
grown .n l.scoves modified D.lbeccns medii.ni (IMDM) {Gibco. Paisley) 
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glu,.™„e and pe„,c,ll.„ (culture medium). B6 mice were immu,,i^ed wi.h 
I X 10 ,rrad,a.ed (lOOGy) Ad5E.-BALB/c MECs in 0.2ml PBS imec.«l 
subcu.a„eously in ,l,e fbnk. Two weeks la.er, .plee,,. were removed Z 
smgle-cell suspensions prepared by mechanical disruption. 5 X 10" unsep- 
rated splenocytes were restimulated wi.h 5X10- irradiated Ad5EI-B6 MECs 

were'T d T!h'" "T" S^"""' 'V<'ki"« 

were luidetl to these cultures. 

Cytotoxicity assays. Following culture, vi.ble lymphocytes were 

■solated from splenocyte cultures and used as effectors in europium Irele.se 
cytotox.aty assays ns described'^ The me.n percentage specific lysis of 
tnphcate cuhures was calculated as follows: specific lysis = Kc p m 
expera^ental release - c. p. n. spontaneous release/(c.p.n. maximum release 
cp m. spontaneous release)] X 100. Spontaneous release was alway.'<2U% 
I cpt.des were synthesi2ed using solid-phase chemistry on a Abimcd AMS 422 
peptide synthesizer. 

m vivo antibody treatment. Mice were depleted of CD4^ cells by three 
ams^^^^^^^^^^ 

0K1.5 (ref 29) given every other day before immunizatit.n. Depletion was 
nitiJlT rP ' "'J --ting analysis using the 1^4-4 

antibody Pharmmgen). which does not compete with GKl.5 for binding to 
CD4. Depleted populations contained <0.25% CD4 cells. Depletion of CD4 
ce Is was maintained by admmistration of IGO^g GKl.5 every 5-7 days until 
spleens were removed two weeks after immunization 

nntihn/rr'^;r'''"°"* ' puriHed CD40-activatmg 

;mt.body FGK45 or a rat IgG2a control antibody (Biosource. Belgium) given 
jnt^avenously in 0.2ml PBS 24h after immunization with Ad5El-BALB/c 

To hJock CD40L, mice received 250 pg HPLC-purified CD401.-blocking 
;."t.body MR] {ref. 23) or l,amster IgG control antibodies in 0.2 ml PBS given 
■ntrapentoneaUy every other day for 11 days beginning on the day of 
immunization with AdSEI-BALB/cMHCs. 
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Role of Mxil in ageing organ 
systems and tlie regulation of 
normal and neoplastic growth 

Nicole Schreiber-Agus't, Yong Mengt, Tin Hoangt, 
Harry Hou Jrt, Ken Ghent. Roger Greenbergt, 
Carlos Cordon-Cardo^, Han-Woong Leet§ 
& Ronald A. DePinhot 

^P~or^olccul^^r Genetics o,ui t Mn:romo,y and Inununoto,y, 
Albert Emsicw G;%. of Medicine. Itranx, New York 10461 USA 

Mxil belongs to tJic Mad (Mxil) family of proteins, which 
function as potent antagonists of Myc oncoproteins'-; This 
antagonism relates partly to their ability to compete with Myc 
for the protein Max and for consensus UNA binding sites and to 
recruit transcriptional co-repressors'-. Mad{Mxi]) proteins have 
been suggested to be essential in celluJar growth conL and/or in 
Uie induction and maintenance of the differentiated state^-' 

^Z7T ""l ""^ tumour-suppresso; 

gene that resides at region 24-26 of the long arm of chromosome 10 
This region is a cancer hotspot, and mutations here may be involved 
.n several cancers, including prostate adeiiocarcinoma*-'" Here 
we show that mice lacking Mxil exhibit progressive, multisystem 
.ibnormahties. These mice also siiow increased susceptibility to 
tumongenesis either following carcinogen treatment or when also 
with"2 " Phonotype may correlate 

with the enhanced ability of several mx// -deficient cell types 
.ncluding prostatic epithelium, to proliferate. Our results show 
that MxU IS involved in the homeostasis of differentiated organ 
systems, acts as a tumour suppressor in vivo, and engages the Myc 
network m a functionally relevant manner. ^ 
To disrupt the mxU open reading frame (ORF), we designed a 
positive negative replacement- type vector that eliminates an exon 
required for the production of the two mouse Mxil isoforms* (Fig 
n). On transmission of the /?/x,7-nulI allele through the germ line 
heterozygous intercrosses yielded all three genotypes (Fig lb) nt a 
ratm dose ,c> the expcxted Mendeiian distribution (relative ratios 

■ "'^ u ^f' '"■''^ ^V'^ ^'^ed reverse 

transcription with polymerase chain reaction (RT-PCR) with a 
5 -oligomer targeted to the deleted region, to confirm 'that the 
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I Z .$L°^lT°i^c"^'^^" -^-SITIVE, ,3A)HELP., 

"9 26 S L58 AND PY<2000 

L61 7n^fl f ^ ^™ "-^^ DUPLICATES REMOVED) 

L62 95 f /^^''tin'^i ""^ ^'^ (CYTOTOXIC (4W) ANTIGEN (W) 4 ) OR 4F9 

"3 Is I III Z ^So'™ "^'"""^ °^ "^^^ FKi06'oR°"EMW,506 

lIs ,n!« f " DUPLICATES REMOVED) 

L65 204 6 S PERIPHERAL (W) TOLERANCE 

21 I III Z i^lTolV °« CD8P0SITIVE OR CD8P0S 

III c"^ ^^■^ DUPLICATES REMOVED) 

|;69 416 S (ACTIVATION, W) INDUCED, ,S) ,CD8 OR CD8P0SITIVE OR CD8P0S OR 

233 S L69 AND PY<2000 

1 REM L72 (2 DUPLICATES REMOVED) 
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sequent ability of the recit^fWi't^' ..'f^^: • 

thlrd-iiar^ cells is not Mrn'^'^^V^^^'^^ agajnst ' 

explanation vfoiiithis'p^^^^^^^^ 



the thjroi^^ •'"™g differenUation in . 



are,dlfflcultVtbrijlstlVi*Mi«^"^^ 

'f*iti<:6ohaa^^^^^£^ «=>? Pther; because. thev V 

Which thlsSK c"°?be?lnim 
report. these^woSeZ.^^^^^^^^^ «* 



A^"!!i?'P"*""^"°"January J4 1992 ^ 
Th f^ f«J publication March 26 ! 992 

care this fact. " ' ® ^ ^-C' Section 1 734 solely to Indi- 
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host mic^^^^eMlT' f^il^^™P';r^^" !PJectea'lnfo<'' 

MATERIALS AND METHODS 

The Jackson Ubo- 

TCR (hat rm^nlzes H-V |mal/A«^h '^''lalns of a 

MHC moW were l„i^3Si^l"r„''"r^"'«' »y H ^D" class I 
bockcrossdfor 1 , R.!,VX:To2kT^^,\>i, 2^?,^'^ 

the transgenic jrf-chain Is exni^^^ « n 5 'hescmlce. 
express the «transgre ?0) B^S^?? " ^ ^^"^ 
not only the tranSc H"^!.". / 

male Ag-spec.ffc?cel s are^D^^^^^ SJh?® molecules^ well, 
then-chaln TCR. which can be d^fJJiS .^i" ^^^^ °^ expression of 
mAbT3.70(]2) ^" anti-CD8 antibody and 

i^eagen^s, mAb used were blotinylated or FITC-conJu^ted antl- 

ncKlcrL^:?!^::^^ <^^P. CTL precu^^r^.tN. .y.ph 



c.r-'i'*:'' 



rnftio--* IN VIVO 

Unylated T3.70 02] "n heS vii^^SSS and bio- 

conjugated strepivldin (^ton^S^kTn^^ Phycocythrin- 
cepce label. ' " Dickinson) was used as the fluorcs- 

^^T^'ln^^^'^S^^^^ i -"Pies. 20 of 

vein of each m^u« ^or^^d^^^^^ the'^tai 
male or female LNC BImh^«i >^^'y*nfi "n»es after injection of 
PBS and thS^^fncute^i?!?^^^^ with Ca^f? 

300 ^1 PBS containing l% mZ t6^FA^'^t '^"^ended in 
su^pnsions were also prepaiSfmmthj^^ 
or three-color surface sta^u^ T^lth^' " ^P'**"' Two- 
described (11. 12). The da^^v^^re^S^*^;;^ ^ 
Consort 30 and FACScan softj^are Spr^n m^J? analyzed using 
e^nte. I^ad cells were excl^'M^^^-^.^.^^^ 
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f'i iN/ 



plots of antl-CD8 vs T3. 
different measurement t., 
werefire*tb(amined. 

of male LNC. Cellsln ^on 1 are CDsT. t^-' 
mouse. Only CD8*t3 70*"* ^liL . 



To examine whether the H-Y Ag-reacUve T r-ik .h , 
have disappeared from PBL are sewMtem^ ,^ .k 




'■^Ncause different Individual female traii^enlc mice 
^. J^'^P^:^^ ''^ their level of transgenic TCR - 
- :''''^/iS^F^!??^:y^- aaopted.anotlier designliW Which ^Is " 
)' V;'W ^:s*"g*M'^n^enJc donor could^^b^ 
. : - ; V.^fperimental and control mice. LNC from a single feiriale 
rtraji^enlc mouse were labeled with FITC and Injected 
,1/^: into four or five nontransgenic recipient B6 female 
qiice. After I day. a time sufficient to allow these cells to 
cUstribute homogeneously within the recirculating pool of 
the host (3). 1 X 10^ B6 male LNC were injected T.v. into 
two mice in this group. The labeled injected transgenic 
, cells would thus be exposed to the H-Y Ag that they 
reccignlze The remaining two or three control mice were 
either not injected with addiUonal cells or .were given 1 x 
10 nontransgenic female B6 LNC. All mice receiving 
cells from a given transgenic mouse were analyzed 2 or 
4 days after injection of the male cells. Allquots of LNC 

J^^Z^!"^ 'H^^^T^ "^^"^ phycoerythrin- 
conjijgated (red fluorescence) mAb agalrist CD4. CD8 

^""^ analyzed by flow cytometry. By 
looking at the number of cells with each of these markers 



^. J*" 

. , • ^ 'K'?-^ .1 *f • 0 ^ 

ijiffu^S.;.^^ tranagenlc cells In LNC ^i^oVe^rf i>om:M 

femalejpicc female tran^^c^ 2 JSd^ 

hJ:, ,,? f hen l.v. Injected Into nontransgenic female hosts Oiic 
day later mice also received either an Injection ofl x iC remale^™S^ 
cy^es (coi.trol or ^le lymphocytes (experiment): and 2 and4 SaKeJ 

r zj I. ^UB rj.70. orCD4 mAb. Cells from the transasenlc donor ran be 
dlsortminated from host cells by the emission of gree^uon^Mn-^^^ 

S^a^S 7^" t"""*^'"^ ^'^"^'"''^ '^'^^^ alitor SO^SS 
cells analJ^ from two control {soUd bars] and two exDcrimental 
(hauhed tars) mice. Similar results were obJned on anaf;S5g™S 



hat were also FITC positive, the remaining number of 
injected cells canying that marker could be determined 
As shown in Figure 5, there was a significant decrease, 
more obvious with time. In the total number of injected 
transgenic cells in mice injected with male cells compared 
with the control group fl20 ± 19 per 5 x 10* on day 4) 
This drop is matched by a comparable drop In the number 



^ .i-^iA 



xulP^^ '^^ transgenic receptor reactive alainst h v 

Because the elimination of CD8*T3.70* ceJIs m th^ 

mice were collected and stlmulairbyTr^d aT^l^l' 
splenocytes In an MLR. Figure 6 sSic^ resulU^nr^h 
remaining male-reactive CD8* cells ft^Z^ J 
: ■ jected wlth,male cells. One (Ip'Ts^^J^^-H'B 
, ■..P''"«™';s^e8tlngthat all remalnlne 
ik;^^ru 'y.^Ponslve. Thepthertwbito^^^^ 
r:..(?Pproxl,T,ately:twofold):iess«^^^^^ 



VETO IN VIVO 
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wk. These data SMTMheTa.T « 
the remaining male Sve f„ ^' " "" "^ 
male lymphocytes re^inl^ ^ 

maJorin&Tr^^tl'^r^l;:-,^'^ »"= 
have undergone deleM^n - " l*rtPhery 

fected by expTI: EetU'l'he'fTH"'^- 
appeare to have been s«.lPriJ^ . °^?P"*"ie fact that It 

posslbte explar^tlon" s as folt^T'"^^ ^8- A 
; earning th^e antl.SrYi;'„^S^T^^%^°"» '^^^ 
endogeneous TCR-fl chal^ "^"ange v .. 

.-ngeendogeneou^CRTchalTi Ta.'^uAt' 
Vspme T , cells can.then exnri. f ii'^/iJl. '^^''J^™*?! 




»0 100 
CD8;f3.7O*CeBsWe0 



1300 10000 



with male (dosed syn^S!) or r7n^^^''' ""'^If "'^ 

fated by irradiated nSile^fbm t^fn Z^!?/"'** «IIs were stimu- 

number of CD8ng.70*ceIIs/cLiUM^Tt.J; ^ P"**""* ^ cpm vs 
pendent experiments thT oi t^S^lMli! '^^"^ 
•nouse. the bottom tStI« iwJ^KfJ'^H'''"'"^' ""t™" 
data point represents Bm^^^^'^^l^^Il'^S' ""^ ^a^^h 

n^^"h^r"*^^''-r~--^^^^ 



cwi*!. increase, but instead a 

rKTeXore^CScaC^^^^ 

nraTo^°L:i%r?reL^S'^^^ 

unlikely that the miuctlon of male ^^Z^ttHcJ 



Mns 18 the reljectlon of down-negulatlonof TCR exj^s- 

Itte noteworthy that the removal of male H-v a« 

Tws level <rf reducHon stayed constant over at iMat r 

bearing T cdls continued to be deleted. to^^WouS 
te^. we found that when F. (C57BL/6 X DbK^^"?; 
ceUs were Injected l.v. into C57BL/6 mice^nS^ 

suggesUng that the ablUty of the F. inlectPH «Jf; * 

...Myetp^thearttohofv^^ 

,v..Artlve suppression has-beiri viidelv n^J^' " ' 



VETO IN VIVO 



They found oSKsS^^^JJ"^"." 
nounced dona] ^SiT ar^"? ""^nirent pm- 

preclpltouslyrsSSTi^'^^L^' «*" 

were aneojic onTvS? f^!^ ""^^ing cells 

having dX-4ia^ tain^'T™?^ * 

These resists cWfer iS^fcXf^ expression. 

may belue tom^^V^^"^- We'WSgestthls 

spectflc *rJ^'?^^^l^^^*-«^^ 

(normal mae lyM^old^tr^e^k^ 



our results inVh-d """""g* conconlant with 

our study concerns CDS* «.iir«l. "hereas 
datlon ^th cSmS^ tl!'*^ Ag in asso- 

Ues are bloh^y^' „^ ^^'^ 



^1S^''^tS"'^S'1S^"^^^^ 

weregatedW^wt" aStST' '^^Phocyte subsets 
found that"dS^^S?^7n~'"^^'^^^ 



slstent urith^i .•■'•*^30) these observaUons are 
»wim the existence Of functionally deleting ^ 

X^J! *'«"8'y supports the view thaT^^x 
^S^^S l^T^ Clonal abortlon)^„ reco? 



I 



yETO IN ^VIVO 




the nature of the APG "® ^ * ^s^lt of 

that the deleU^oM-B^fc' !' 
a costlmulatoor heIt2^S«.?^ft » <»ue to the lack of 
male APC. Thte U^&^^^u «ga^hi with 

does ™t ^vete^^d ^'^^ '^5«n««^<f « 
second signal In this ait»a«~,^r^ 1 "a* of a 

an<Vor the low fre^S^^^^^^lj'^'^cm 
nize the male Ag^ ^ n«Per cells that can recog- 

clon I*** environment where H-Y Ag '4 a' 

_ ./^i. -HW > Peripheral ei«n..i/ 
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Inhibition of Langerhans Cell Antigen-Presenting 
Function by I L-10 



A Role for IL-10 in Induction of Tolerance^ 




, L-10|pretreat¥d;'U were essemiany unable tdiihduce Thi ^cell bralifcratinnJn r«^«c^/* - i- - 

•protein orpep«de%THti^^^^^^^ 
.;::,,,.,lCw«eused;2-^^ 

,a|C«t«rnulatwsghal:reato 



b J*^^ prohferation and rather .nduceclorial anergy m th4se ce\\s: )6umat of imir^unolSgy^immmii^'F^ 



^H-^n^- . ... 

1" L-IO was originally identified as a.Th2;cell product 
Mhat inhibited the proliferation of Thl^cell clones 
. downrcgulating IFN-y ^B- it-ai pitKluction (I. f2):/ 
This effect was shown to be depehilenVon tiie'presenceW' 
viable APC and was observed only wlien ■macrophages 
were used as APC (3). Subsequcnily; other cell types in- 
cluding B cells (4). mast cells (5), and monocytes <6) were 
shown to be sources of IL-10, and a spectnim of additional 
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TL- 10 activities was identified. It is now known that IL- 10 
cMactas;agrowthcofactorformature^a^^^^^^ 

> (7^; as a differentiation factor for cytotoxic T ceiisi(8); as 
a growth fa:tor for B cells [especially Ly-l ^f B:cells (9)J, J 

. and as a cytokine synthesis inhibitoiytfactor in activated . ' 
monocytes (6). In addition, IL-10 can enhance MHG.cIass 
II expression on B cclis (4). whereas it inhibits MHC class 
II expression on monocytes (10). Interestingly, reversal of 
the IL- 1 0-induced inhibitionof MHCclass II expression on 
monocytes by IL-4 did not reverse the effect of IL-10 on 
Tccll proliferation, suggesting an cflfect of IL- 10 on mono- 
cytes distinct from inhibition of MHC class II molecules. 



l!^*J°"!?*'i;***f^* and reprint requests to Stephen I rVmutoU 
20892 '°* l^'^-^^e. National Institutes of Health. 
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Keratmocytes, which comprise the vast majOTily of epi- medhim is refmd to as complete medium. CeDs weie 

dennal cells, a^o produce IL-10 (1 1). IL-IO piioductioa by maintained in a iwt/stimulation protocol as described (14) 

keratinocytes is maikedly enhanced after implication of During rest periods, media was supplemented wiij ISUAni 

contact sensitizers like trimtrochlorobenzene^ whereas ir- IL-2 (Genzyme. Boston, MA). 
ritantsortolerogensdonotenhanceO^lOmRNAorprotein 
production. ILrlO mRNA signal strength in response to Ag 

was found to in(»ease at 4 to 6 h, leaching niaxiinal strength Serologic reagents 

12 h ato allergen application compared wifli other cyto- Tlie foUowingmAb directed against murine Ag were used: 

kmc nOlNAs such as IL-ip that are increased within 15 10.2.16, specific for I-A^fiomAra;Rockvme. MD M5/ 

mm. The increase in IL-10 mRNA signal strength was ac- U 43.2 specific for I- A«»^ and I.E«^(ArcC)- monodo^ 

compamed by abrogation of T cell derived^I^^^ 183 anti.«tK(AITC); 53.6.72 (anti<3)8.>S 

mterferon-mduced protein-10(IP.I^^^ as appropriate sibclass controls fnm, B<^^ 
«ip^j«ssibIecounterregu!a^^ 

delayed^rehy^ W), flV^ Buriingame, CA) 



F(ab)2 (TAGO, Buriingame, CA) were used as se^oi^^p 

n&s^f^^m^^^^^^ 

Preparation of cell suspensions and EC culture 

^^m^m<^^iM^^MM^^!^ ^C^suspensions and.lymph node T cells were piei 




These cells wereihricHed Wcbhtaia io'to 25%' tC and ^ 
' e -1 • ; to as LC. Although the remaining cells in ^ epi- 



Vl^- ^¥ ..V; - prepaid - : 

; >tv; : ifrw/«iMi./7<-7/nT £ nrri ^. J .^1 ' , . I 'wncof thcMpowilationsfimchonasAPC. Lt ■ ' 



. w , „ - - -r ' 

clone AE7 (13. 14) was kindly provided by Dr. B. Beverly 
; ; ' (NIAID. Betbesda; MD). the purified protein derivative 

-l i^^^t/i^V* '(PPD)ispcctf^ , i^-:^-, ^ , 

"^f ? ;^P*«^byDi;^^^ ' T cells from^BAim^^ 

rcsmcted -ni2clone D10.G4 (15) was kindly provided by wool columns as desi:ribed ( 17) and depl^ 

CDS^Tcelli by treamient with M5/n4 and 53.6.72 mAb 

mRPIiffll&Wwntaim^ foltowed by anti-raik 083) and complement (CedariancX 

Laboratories. Chagrin T cells (>95%CD4n were culniredfca- 96 hwidi varying 

rjJlnrSr Penicillin/sircptomycin/fiingizone solution numbers of LC derived from C3H orC57/BL6 mice in the 

^BCO). I%nonessentialaminoacidssolution(GIBCO). presenceorabscnceoflL-lOorcontrolsupefnatanLDuring 

1% sodium pyruvate solution (GIBCO). lOmM HEPES thefinal 12 to 16hof culture. pH]TdR(l uCi/wen)wK 

buffer solution (GIBCO). 5 x l(r' M 2.ME. and 1 Ag/ml added to the cultures. Cells were subsequendy harvested 

mdomcthacm (Sigma Chemical Co.. St Louis. MO), TOs using a semiautomaied ceU harvester (Camteidge Inc.. 

-r « Cambridge. MA), and incorporation of pH]-TdR was 

rAbbfBviaiiortt used in this paper LC Ungerhans cells; PCR. porymer^ ffiCasured by liqmH sclnttllatifm OOUEt!!!* Da!S STC ex- 

. Cham «aa.on; EC epkleima) cells; cpnv couna^ preSSCd aS t!w arithmetic mean Cpm ± SEM. 
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IL-1 6 INHIBITION OF LC APC FUNCTION 



Anti*CD3 proliferation assay 

Lymph node €04'*' T cells were prepared as described 
above and mixed with varying numbers of LC that were 
either pretieated with 100 U/ml rmlL-lO. control (mock 
COS supernatant), or left untreated. T cell receptor cross- 
linking was achieved by addition of 1% 145-2011 (anti- 
CD3, from J. Bluestone, University of Chicago) culture 
supernatant (18). [^}-TdR (1 jxCi/well) was added for the 
last 6 h of the 48 h cultme period, and cells were harvested 
. and counted as described. 

,,:F^liferalion of ^^^^^ V .v^^^ 

^rt p;^^^Ai&a;rcsting forn^ i4 days in complete mediuni ^ c ^i^-^J^S-^v J 0 

15-.l^ ;rILi2/the respomier ,clones. :' - -i^^^i 




}; or cultured LC with or without Asl. Rcsoonder dells were f ^^"^ ° pretreatment of LC does riot affect their ' ^^^ 



orcoltuicd LC With or wifliout Ag. Responder ielb wm mhc"!!: r T," 

: , , , . -depletedof MHCdassn-bearingcelUandOT^ " ! *^P'«"<'"- ^RKtemwl cell suspensions were 



cultured for 3 days in tfte presence or absence of 1 00 U/ml 
IL-10. Cells were enriched for LC on day 3 by density 



were added to 4 X- 10* T'cells and^H-TiJR ina^ratibii 
was assessed as above. Further controls, are defined in 
Resultsi: ' ' " ■ ^\ 1- • ' , . ' 



.1 Uv'hi.'.' 




^ ^ _ cxpenmeht 

in^..rf!««^f.i I ' ' ^ 'v- ' " ^Q»»™titatedspectrophotomeMca^^^^ 

induction of clonal aneigy j:^.. ^ 

In an attempt to induce clonal aneigy. LC were precultuied ^ ^^^^ ^ ^ ^ described earlier (1 2). PCR p.xxlucts 

overnightwitheithermediumaOTe/iohi^^ ^^W^ized to internal. ^PHsri*^labeled o^^^ 

100 U/ml IL-10 in the presence of Ag:',N<Miadherem cells ; "«^?«>tid^ m ifluW pfcaa. elwDpBlrorek^' OT 

were suhseatiehtlv hgrv«iGtMl a»i »^:.i».Ur <w- t ^ . and detected bv autnradiomnhu ac'Jln'^i^^'^^^^^ 



were subsequently harvested and emichc^J fOT LC by pas- 
sage over Lympholyte M gradients as d^b^. Enriched 
preparations routinely contained 20 to 25% LC as deter- 
mined by FACS. LC fractions then were coculnired with 
AE7 lesponder cells (2 X lO^/well) at a density of 5 X 10» 
cells/well in 24.well plates (Costar. Cambridge. MA) for 16 
to 20 h ( 1 9). After oocuhure. T cells were rescued by pas- 
sage over density gradients (Hisf^wque 1.077.Sigma)and 
eithCTrestimulaied immediately ot after rest periods of 1 to 
5 days duriog which they were cultured in complete me- 
dhmi containing 2 U/ralIL-2. Rescued T cells (4 X 
were lestimulated with 2.5 x 10* fresh LC in fte presence 
of Ag in 96-weII plates. After 48 h of culture, 1 /iCi/well 



and detected by autor^ography Wdwmfid 
beled probes "were . added in cxc^:iii!^^ 
product results in increased signal strei^th on ttie j^^I^ 
only in the linear amplification range of the PCR' There- 
fore, standard curves for primer concentration^ ambimte of 
RNA, and cycle numbers were established to ensure lin- 
earity 9& described (12). Signal sirengtii of each individual 
cyftAinc can be compared only with its own baseline. 
Primer se()uences were as described previously (12). 



jSi^li l-ngnrrwm mrs ana hi m«NA teveis. Subminnr tor 
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Reagents 

Commercially available EUSA kits were used for deter- 
ramation of IL-2 (Collaborative Biomedical Ptoducts. Bed- 
ford. MAX n ^ (Endogen, Boston, MA), and IFN-> (Ccn- 
zyme) following the insinictions of each mwiufacturer. 



Effects of IHO on MHC class II expression of 
epidermal LC 

As IL-JO exwts a piofoumi innucnce on me expression of ' 
MHC class U cell surface molecules on certain cell types. 
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IL-IO INHIBmON OF LC APic FUNCTION 

IFN-7 production when IL-10 was added to the coculttne 
of LC and J cells (Fig. 2c). Addition of IL-10 mAB com- 
pletely reversed the inhibitory effect of IL-10 on IL-2 pro- 
duction. IL-6 productiott was not affected dnis excluding a 
nonspecific effect of IL-10 on Th2-derivcd cytokines. 



^484 BP 



Effect of IL-1 0 on cytokine mRNA signals 

To detennine whether die effect of IL-IO pretreatment of 
LC on cytokine synthesis by T cells occurr^ at the tran- 
scriplionar level, total RNAof LCTT ceHvdocuIttires vyas 
extracted oh the final day of the proitfeiration^^^^ and 
subjected w quantitative PC^;feiiowp|^u|^^ 
-rization. There was an approxiiriately;m'i^^^ 

m^BBmm ' wasassessedinlLrlO^^ 

FIGURE 3. Effect of IL-10 on IFN-y, iU2, and /J-actin difference in signal strength (M. 0. Lee and M. C Udey, 

^;^W^ii>^;j[nS??^--^^an<*^^^ unpublished, observations). 

^^;;i;r^J^^4^'w48'h-in-24-w^^ 



' : ^* deicrmihed whether similar, changes were induced on 
. -^.^^^ : tured; in ite presence or absence ^6^^ib^(li^ 



clone D10.G4 were used to assess changes in the induction 

of thymidine iroorporation t^n^lO^ 

*?'l??!?-;>y*Srcas ir-depciidenrpfojiferati^^ of Oie * . 
TTi2 clone DlOrjiTwfli^A^^tori^^^ 



^^^^^^ 




JA^k^9^sH^^ the immunogenic cyto- 

chrome c fiigmpnt 8 1-1 04^ was lised as Ag CFig. 5). Ad- 

. . . . 9''.PryO_.inAB duri^^ 

:i^»®1^;whethirIL.10^^ 

^i^:^^!^^^ were-pretiiited m^^:::;-^^^^ ::':Tj't''' 

. . ttnAnjin/inrtiii_i. „ ..j.^. . . Cultured LC^are^^^ 



Effea of IL-IO on LG-<iependent anti-CD3 or 
^"J?"^'!?^""^ 9:9'*'" cell proliferation 



*iB«y<>f cultured LC. EC susiHinsfoiis were eirichedft^ 

^ISA ^ ^ '"8te« ™o of LC and T «ns) by p«,Ufe«io« assays. Whereas L^ultured KreS^ 
^'^J^^^^'^.''^^.^-^^- ofn.l6toduced;m«tedlydiHrinish^,^,Sr 



lO-neated cuthires compared with control TTic leduction 

was most striking when LC were prcireated with IL-IO for 
24 h and was observed even if IL-10 was sobsequently 
omitted from the poliferation assays. Even without LC- 
pretroaiment. there was a significam reduction in IL-2 and 



LC exposed to IL-IO after 2 days of culnirc were largely 
resistant to the effects of IL-10 <Fig. 6). These results sug- 
gcst diat IL-10 afifects one or more costhnulaioiy factors 
Aat are already piesem on cultured but not fresh LC and 
exclude a dhect effect of IL-10 on Thl cells. 



journal of Immunology 



2395 




Tablet 



EC No 



fVetfegitment of LC 



A^fum alone 



Cocnral-Stip 



tL-10 



50000 
25000 
10000 
5000 



52 420 ±3319 
29 765:*' 2537 
12 736 ±1384 
5038 ±92 



51 092 ±1584 
29 576 ± 3037 
10 501 ±1298 
5032 ± 1798 



18 072 ±2180 
6123 ±296 
1081 ±61 
956*52 



• . ■ 

., ... .??nwhenAB7TcelbweiecociUiu«dWi«i^^o»^ 

sponse of AET'ceils M ^i^lSt^^^ -" 
piBtiealed C3H LC. IL-IO-prelieated BALB/e LC did not 




^^''^ '-^^^^e-P'^^eated with^l^ IL-10; mock COS ^^'^^^ I^r/Tr^^^^^^^^ , r 

modt rn^ ^:.n^,..^\^\.LJ l^n . . Mopen squares;, preircLMedM(ith DL-IOrt^^ 



in the absence of U-10 (open triangles), and LC coculiured 
with AE7 in the absence of Ag {dosed circiesl b. Effea of 
IHO on the pioliferation of 7h2 cells. LC were pretreated as 
descnbed under a but coculiured with D10.C4. Croups have 
the same assignments as under a 

Pretreatment with IL-IO abrogates the costimulalory 
capability of cultured BALB/c LC 

To test the costimulatoiy abilities of IL-IO-pretreatcd LC, 
BALB/c LC incapable of presentine Ag to our re- 
stricted AE7 Thl cell clone were used to restore piolifcra. 



ft has. been reported that IL-10 inhibits APC activity of 
macrophages and monocytes, whereas B cells and cells of 
ihe dendritic system were found to be resistant to the effects 
of IL-IO (3, 21), Because we previously identified inurine 
keratinocytes as a soiree of )L-10 in primary immune re- 
sponses in skin, we characterized die efffects of IL-lOon LC 
accessoiy cell and APC function. 

TTie data presented here demonstrate diat IL-10 pretreat- 
mem of LC inhibits the induction of Ag-^v^edfic T cs!! 
pioUfieraiion in Til l clones but has no e^cTo^ 



2396 



IL-10 INHIBITION OF LC APC FUNCTION ^ 
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1: ;''^>;t^li^''.-.'.t. 



- freshly prepared LC tothe IL-10 inhibition of ;AP<: funrtidh.: ^%^^^^^^ 

LC were cultured for 2 days with either the mock COS control 

-ivW^i .,5"Pef"atani, or were left untreated and then cocultured with 

• - . J ^ . :V^;;V-^;^|f^?»F^ (2 X:-:l()*)vimd.cytifchrdmex'in--lhe.' • v.:?:4 
V.;.; - ^ . presence or alwehce oif IL-lo'or the mfirt rh<: /v^^i^i ^; 

^ " ' t^-J rrw^tesh fresMy piepared LC cultured witKT cells in the . > - 

presence of mock supernatant (crosses) and freshly prepared 
•} retreated with IL:ip (c/osed squares; c^as/ied.to^ 
^r'--2'-'^!)^-^ir^^:.^::^- ' . ". tesed.ai.the,saine tlme using the same.respwider cells. / • 



J Preireatinent'of^LC inhibits proteih^^ 

; - V ' v«cep proliferation ofThl cells. a;.LC-were'pretreaied with 
- 100 UAnI IL-10 .<c/ds«/ ^Ta>^^^^ > 

sqi/aies) for 1 day. Afterward, the" It- lO^eTreated tC v^re^ 
cocultured with 2 x 1 0^ AE7 cells in the presence of 1 00 
U/ml of IL-10 plus 60 pg^ml whole q^c^hriwne c, and'ihe 
untreated LG were cocultured with 2*X' TO" AE7 cells With 
cytochrome c in the absence of IL-l6^# Effect of IL-ltf dn 
peptide-induced proliferation of ThljceH5::Cells were treSied 
» described under * but instead of tl^ whole cytochrbiro c, 
the irnmunogenic cytochrome c peptide 81-104 (kindly pro- 
vided by Dr. J. Ashwell, NCI, Bethesda, MD) was added at 
0.01 M. "'I ' 





TCfltl ' 
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•FIGURE 7. : Untfeated BALRA: X€:f:^li^^i^hiuiQ 
tory signalb) to, induce T cell proliferationV fc&ulS^es^ in- ' 
eluded IL-10 treated (,+ ) or untreated (-) freshiy prepared • 
C3H LC (or no C3H LC at all), AE7 cells and" whole cyto^ 
chrome c, as well as untreated (-) or IL-10 pretreated (+) 
(for 3 days) BAL8/c LC (or no BALB/c LC at all). 



of ni2 clones. Further. ITjI cells that were incubated with 
II>l(HTOtrcaled IT and Ag were uaiesponswe to forthCT 
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IHMC*Tc ^^^^^ 

FIGURE 8. JL-10 treatment renders LC tolerogenic LC 

IL-10 (IL-IO-LO, cos-mock supernatant (C-LO, or with me- 
tZ^;^^ suspensions we* Tn 

f Vf Lh ^''^ ^ "^l' ^Pon« to 100 U/ml 
lL-2. Further, T cells pfeculiured in 100 U/ml IL-10 in the 

n ^'^^^-^ ' ;*'?^7f?.?*^^^?5?;Wr«*sppnsiye 

*'**^.&rf-S-P!y.s:Alin:the absence of lUld; Background 
■*^i^?S^fH^'mula^ 



macrophage-mediated suppressive effects of IL-To on T 
cell proliferation. ,: 

> ^ The datapresented here suggest that lL^lo influences the 
Ag-prcsenting fiinctidns of epideimal LC by moduteting 
cpsuin^jla^ mo^^ on the surface of fieshl^prepared , 
^C-i4mp!e, evidence exists that riiimmrf : i n wi,-* _ 



. « V . T ' — ' mcir suiTaces.iwhereasVlresh: 

S ' ^Si't V ^n^ature in this respect (22).vn,er€fbre, it.mw^be : 

Uiat IL-10 treatment of fresi^LC prwwi^^ 
of such a costimulator thereby altering fe intuah^ ^ 
as to make them tolerogenic (23, 24). In iSe cosSSation 
.assay, nontreatcd allogeneic LCproyid^ the i^uisitc co^ 
sumulatoiy. molecules. A potendaicandidaic^mol'^uie^ 
the effects of 0,-10 on LC is BT^Bl whS^'^xptiission is = 
reported to be upregiilated oh cultured U:; at iwaSi i^ 
mans (25). A lack of B7 expression is assiociaiediwitfi clonal 
ancigy m various systems (22). However/using a reverse 
ttanscnptase-PCR technique, we could not detect any 
downregulation of B7 mRNA with IL-10 treatment of LC 
Oiir data are in accord with a report by Ding and Shevach 

(21)whereinIL.|0failedtoinhibitAg-presentingfimctions 
of peripheral blood dendriUc cells when these cells were 
used m an anti-CD3 proliferation assay using peripheral 
CD4-^ Tcells as respondcrs. Blood dendritic cells are more 
similar to cultured LC and therefore probably already con- 
tain all necessary cosrimulatoiy factors. This could peten- 
tially make diem unresponsive to die effects of ILrlO and 
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may explain the negative data reported these inv^- 
gators. ^^ I 

epdenms airf exem agnificam infl^ 
iwrtant nnplicatioiis. n^iO B imliiced hie fa die cv^ 

often (3). we p«<uc» ibat IL-10 needs at lew « to 8 h to 

affect .ts caget cells aiHJ suggest tliat lUlO exerts coun- 
teiwgulat«»y effiws; htt in taflamnaiuiy processes, ejt 

phases of. fte,iirfI?nimatoiy piDcess to specifieaUy tokr. 

Il!iO . ■ 

■ downiegulStin^' detsfj*^^^ 
and explaining eariier lesulls ftom our Udxnatoiy diat ix: 
:P»^5^IX^m<)te.<wtgro^ J, 
Modier sysiera/Simon^^ at (19) dMw>iM^ tS^ 



:4?"^^H' n ai.;conw nbt detect'a'soIubte'iiiJlbiftS-- ., 
, jn their iqrs^i it 'has te^^ 

4?iK>c^a«;«pabterif^ 
(26). nius. *e aneigizing effects of UV Ii^ iiv be me- 
diated via,dea«otl^,.o 

Md fte pecise me<*a^^^ on LC. as well 

pUISUit. f . i ,!;"H«:r>:. 
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Dendritic cells as a tool to induce 
anergic and regulatory T cells 

Helmut Jonuleit Edgar Schmitt, Kerstin Steinbrink and Alexander H. Enk 



The induction of antigen-specific T-cell tolerance in the thymus and its 
maintenance in the periphery is cmcial for the prevention of autoimmunity. As 
well as their stimulatory functions, there is growing evidence that dendritic 
cells, acting as professional antigen-presenting cells, also maintain and regulate 
T-cell tolerance in Vie periphery. This control function is exerted by certain 
maturation stages and subsets of different ontogeny, and can be influenced by 
immunomodulatory agents. What is the cun^nt state of knowledge of the 
Immunoregulatory' properties of dendritic cells and how might tolerance- 
inducing dendritic cells be relevant to therapeutic applications in humans? 

T cells with the capacity to respond to organ-specific 
autoantigens (autoAgs) and thereby produce harmful 
autoimmune lesions are present in the normal 
immune repertoirei-^. However, one of the hallmarks 
of our immune system is its ability to protect us from 
an abundance of potentially pathogenic 
microorganisms but avoid pathological reactivity 
with self constituents. This avoidance is called self- 
tolerance and the failure of immunological self- 
tolerance can lead to autoimmune disease^'^; 
Although the etiology of autoimmune disease is at 
present largely unknown, self-reactive T cells are 
considered to be key mediators of many autoimmune 
diseases'*. However, there is increasing evidence that 
T cells also exert regulatory functions, thereby 
preventing or limiting autoimmune diseases^. The 
existence of such anergic or regulatory T cells (T 
cells) has been of great interest to immunologists for 
some time, but only recently has it become clear that 
certain subtypes of dendritic cell (DC) play an 
essential role in inducing and modulating these 
T cells both in vitro and in vivo^. 

DCs are a family of professional Ag-presenting 
cells (APCs) that are present in trace amounts in 
virtually all organs. The ability of DCs to process and 
present various types of Ag is unmatched in the 
human body'. The major function of DCs has been 
defined and various subpopulations identified (e.g. 
lymphoid or myeloid, DC 1 or DC2 and splenic or 
epidermal DCs); a general property of all subtypes of 
DC seems to be that they pass through several levels 
of maturation during their life-span^. Inmiature DCs 
express low levels of MHC class 11 and costimulatory 
molecules, but the surface expression of these 
molecules is dramatically upregulated during 
maturation in response to appropriate inflammatory 
stimuh8.9 Additionally, terminally differentiated DCs 
express specific maturation markers, such as 33D1 in 
the murine system^o or CD83 on human mature DCs 
(Ref 11). Functionally, immature DCs in the 
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periphery are specialized for Ag capture by 
endocytosis or macropinocytosis, whereas maturating 
DCs lose these capacities but, in parallel, significantly 
enhance their stimulatory properties for naive CD4+ 
and CD8+ T cells^. In contrast to these 
immunostimulatory properties, there is expanding 
evidence that certain subpopulations of DC, such as 
hver-derived DCs (Refs 12,13), interleukin-lO (IL-10>- 
modulated DCs (Ref 14) or CD8ot+ lymphoid-derived 
DCs (Ref 15), are able to downregulate immune 
responses. These ditferent DC subpopulations aU 
represent a more or less immature phenotype. It is 
the aim of this review to summarize the current 
evidence that this immature DC phenotype is 
characteristic of the "regulatory* DCs that might act as 
guardians for the induction and maintenance of 
peripheral T-cell tolerance and the prevention of 
pathological autoimmune reactions. 

The induction of tolerizing DCs by IL-10 

OiginaUy, IL-10 was identified as a cytokine- 
synthesis-inhibiting factor (CSIF), particularly with 
regard to the suppression of interferon Y(IFN-y) 
production by T helper 1 (Thl) ceUs. Subsequently, it 
was found that this cytokine suppresses multiple 
activities of the immune response^^-^''. The 
immunosuppressive properties of IL- 10 on DCs are 
caused by a reduction in the upregulation of 
expression of MHC class II molecules and several 
costimulatory and adhesion molecules and, in the 
human system, also the DC-specific marker CD83 
(Refs 14,18-20). Additionally, analysis of supematants 
from IL-10- treated human DC niltures demonstrated 
an inhibited production of inflammatory cytokines 
[e.g. IL-lp, IL-6 and txmior necrosis factor a (TNF-a)] 
and a lack of IL-12 synthesis2i-26. These altered 
properties were only seen if IL-10 was addied to 
immature (Il^lO-sensitive) DCs, indicating that IL-10 
modulates the function of immature DCs and inhibits 
their terminal difierentiation; mature DCs are 
resistant to IL-10 (Refs 14,27). 

It has been demonstrated that fi-eshly enriched 
murine Langerhans ceU (LC) suspensions 
(immature skin DCs) pretreated with IL-10 
inhibited the induction of Ag-specific proliferation of 
Thl clones but had no effect on the responses of Th2 
clones^s. Also, ILr 10 inhibits tumor-Ag presentation 
by murine epidermal LCs (Refs 29-31). 
Furthermore, human IL-lO-modidated DCs from 
peripheral blood induce an alloAg-specific anergy of 
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Fig. 1. A model ofT-cell 
differentiation depending 
on dendritic cell (DC) 
maturation and 
modulation. The 
activation of resting CD4* 
Tcells by different DC 
populations leads to the 
de vetopm ent of disti net 
T-cell subsets. Mature 
DCs, acting as accessory 
cells, induce the 
development of classical 
T helper (Th) effector 
cells. The presence of 
interleukin-IO(IL-IO) 
during the maturation of 
DCs results in a shift In DC 
phenotype. IL-10- 
modulatad DCs induce 
anergic Tcells, 
characterized by inhibited 
antigen-specific 
proliferation, a 
profoundly reduced 
production of IL-2 and 
interferonYllFN-^.anda 
down regulated 
expression of C025. 
Finally, repetitive 
stimulation with 
immature DCs- in the 
absence of inflammatory 
stimuli -induces the 
development of 
regulatory T cells <T,^ 
cells) that suppress the 
activation of T effector 
cells, independent of their 
antigen specificity. 
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alloreactive CD4+ and CD8* T cells and an Ag- 
specific anergy in hemagglutinin or melanoma Ag- 
specific CD4^ and CD8^ T ceUsi*^?. This state of 
anergy was characterized by an inhibited T-cell 
proliferation and reduced production of IL-2 and 
IFN-y. The induction of anergy requires direct 
cell-<;ell contact between T cells and DCs as weU as 
soluble factors produced by IL-lO-treated DCs. In 
contrast to T^^ cells, anergic T cells induced by 
IL-lO-treated DCs are characterized by a markedly 
reduced expression of the IL-2 receptor a-chain 
(CD25), and anergic T cells produce no 
immunomodulatory cytokines, such as IL-10 or 
transforming growth factor p (TGF-P)i*-27. 
Pretreatment of T cells with IL-lO-modulated DCs 
also affected the effector functions of the T cells. It 
was shown that, in contrast to optimally stimulated 
CD8+ T cells, anergic melanoma peptide-specific 
CD8+ T cells failed to lyse tumor cells^'. In addition, 
comparisons of human DCs isolated from responding 
or progressing melanoma metastases demonstrated 
markedly increased production of IL-10 in the tumor 
cells of progressively growing metastases32. 
Furthermore, DCs derived from the progressive 
tumors, but not from the responding metastases, 
induced a state of Ag-specific anergy in cocultured 
T cells32. As a consequence, this finding supports 
earlier data showing that the production of IL-10 
by tumor cells and/or tumor-infiltrating 
ymphocytes might serve as a mechanism for timior- 
induced anergy. 

The production of IL-10 and/or other 
immunosuppressive cytokines, such as TGF-p, which 
modulate the functional activities of DCs, might be a 
way of limiting harmful, autoreactive T-ceU responses 
by converting immature DCs into tolerizing'APCs. 
However, the release of IL-10 in tumors might 
deactivate tumor-specific immune responses and 
serve as a mechanism for immune escape. 
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The induction of regulatory T cells by immature DCs 

T^ cells have been extensively characterized in the 
murine system as a subpopulation of 5-10% of all 
peripheral CD4^ T ceUs^^. When freshly isolated, 
these cells express CD25 and intracellular cytotoxic 
T-lymphocyte antigen 4 (CTLA-4), do not proliferate 
after activation and suppress effector T cells in an 
Ag-nonspecific fashion^^. The molecules involved in 
this ceU contact-dependent suppressive effect are 
largely unknown. The development of T cells from 
mice thymi occurs =3 days postpartum, Sd their 
maintenance possibly depends on the recognition of 
autoAgs in the periphery's^ combination with the 
triggering of CD28 and CD154 coreceptors^s-s? Thus, 
it has been suggested that the thymus has a third 
function, in addition to the negative and positive 
selection of T cells, namely the generation of T 
ceUs38. Eradication of T^ ceUs in mice results m the 
development of various autoimmune diseases, such 
as gastritis and thyroiditis'^. The transfer of CD25- 
depleted CD4+T cells resulted in autoimmune 
reactions against target organs, indicating that the 
main function of the CD25+ T cells is the 
suppression of pathological autoaggressive T-cell 
responses'*"-''!. The suppressive mechanisms by which 
CD25+ T^ cells exert their inhibition in vitro were 
found to be dependent on a direct T^^-T effector cell 
contact34.42. The Ag specificity of T^" cells is still 
largely unknown. However, it has been shown 
recently in a T-cell receptor transgenic mouse model 
that influenza-peptide-specific T^^ ceUs develop after 
the expression of the peptide in these mice'''. 
However, it remains to be confirmed whether T cells 
with specificity for defined (auto)Ags also exist in 
nontransgenic mice and humans. 

Regulatory Tcells consist of various subtypes 
With regard to accessory cells, experimental evidence 
points to the fact that immature DCs can mediate 
tolerance, presumably by the induction of T cells'^^-'^s 
(Fig. 1). Recently, it has been shown in humans that 
immature DCs in vitro can induce aUoAg-reactive T 
cells^. Repetitive stimulation of naive CD4+ T cells 
with allogeneic immature DCs, in the absence of 
immunomodulating agents, resulted in the 
differentiation of naive T cells into nonexpanding 
CD4+CD25+ T-ceU populations. These T-cell 
populations induced by immature DCs in vitro 
produce high levels of II^IO, but no IL-4, IL-5 or 11^2, 
and they are poorly proliferative after stimulation^. 
The IL-lO-producing T^ cells can act directly on 
activated Thl cells and inhibit their Ag-specific 
proliferation and cytokine production in a cell contact- 
dependent manner. The suppressive activity of these 
'^reg - ^ contrast to the anergic T cells induced by 
IL-lO-modulated DCs - is Ag-nonspecific and can be 
partially inhibited by the addition of exogenous IL-2 



(Ref 6), Thus, the functional activities of human T 
cells induced in vitro are very similar to the described 
properties of the murine CD4+CD25* T cells ex vivo 

reg 
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Table 1. The features of regulatory and anergic T cells ind uced by DCs" 

Induction by: 



Immature DCs 



IL-10-modulated DCs 



TypeofTcell Induced Regulatory T cells 

Proliferative capacity Low 

Cytokine profile IL-10+*, 11-2", IFN-r and IL-4- 

Suppressive activity Antigen-nonspecific 

Phenotype CD4+ 



AnergicT cells 
Low 

IL-10-, IL-2^, IFN-Y^and lL-4- 

Antigen-specific 

CD4^ or CD8^ 



I 'Abbreviations: DC, dendritic cell; IFN-r, interferon y. IL interleukin. 



The fact that IL-10 synthesis by T^ cells induced by 
immature DCs requires repetitive restimulation in 
vitro favors the possibihty that CD4+CD25+ T cells 
derived from the thymus might represent a Vesting 
state' of T^ cells, which possibly differentiate into 
n^lO-producing T^ cells after chronic stimulation. 
Interestingly, Immature DCs do not only suppress the 
inflammatory activities of Th 1 cells in vitro. In a 
recent pubUcation, it was demonstrated that the 
injection of influenza matrix peptide-pulsed immature 
DCs led to an inhibition of the Ag-specific effector 
functions of CD8+ T cells in vivo^^. Furthermore, it was 
shown that matrix peptide-specific, ILrlO-producing 
T cells were induced simultaneously. Following 
immunization with immature DCs, increased 
numbers of Ag-specific T cells were detectable by 
tetramer staining. However, these T cells lacked MUer 
activity and had reduced IFN-y production'*^. 

Another subset of ILr 10-producing human T cells, 
termed Trl cells, could be induced by repetitive 
activation of human T ceUs with alloAgs in the 
presence of IL-10 (Refs 47,48). TVl cells produce large 
quantities of IL-10, as weU as moderate levels of 
TGF-P, IFN-Y and IL-5. In contrast to the T cells 
mduced by immature DCs in vitro, the suppressive 
activity of T>1 cells is partiaUy dependent on the 
production of the immunomodulating cytokines IL-10 
and TGF-p. Furthermore, it has been shown very 
recently that IFN-a strongly upregulates the 
expression of CD40, CD80, CD83 and CD86 in human 
peripheral CDllc+ DCs and that these DCs induced the 
development of IL- 10-producing alloreactive CD4+ 
T cells in vitro. Collectively, these data suggest that 
different regulatory T-cell populations develop under 
the influence of varying conditions. In addition, the 
regulatory properties of these distinct T-cell subsets are 
obviously based on diverse suppressive mechanisnis. 

Professior\al APCs are required for the induction of 
regulatory T ceils 

The capacity of DCs to induce stimulatory T cells 
versus T^ cells is strictly dependent on the state of 
DC maturation^ (Table 1). In the absence of 
inflammatory stimuH, immature, resting DCs are 
relatively poor stimulators of the proliferation of 
resting T cells arid can presimiably induce tolerance. 
These downregulatory properties of immature DCs 
can be enhanced by immunomodulating growth 
factors, such as TGF-p, prostaglandin and IL-10 



(Refs 14,49). Therefore, our current knowledge 
suggests that the induction of tolerance versus 
immunity in the periphery could be determined by the 
ratio of resting/immature DCs to activated/mature 
DCs (Refs 6,50). T^ ceUs could be induced by 
inunature DCs in the context of autoAgs and 
subsequently, their phenotype and function could be 
maintained in the periphery through interactions 
with autoAg-presenting mature/activated DCs. In 
murine transplantation studies, immature DCs can 
mediate tolerance, presumably by the induction of 
^^^^ '^reg cells'". Our own data, as well as a report by 
Dhodapkar et al , demonstrated that immature DCs, 
in vitro as well as in vivo, induce the development of 
'^reg *^®1^- Regarding the maintenance of T^ ceUs in 
the periphery, there is good evidence that the long- 
lasting function of T^ cells depends on the presence of 
the respective autoA^ (Ref. 35). Moreover, it has been 
found that the homeostasis of T^ cells depends on 
cosignaling through CD154 and'cD28 (Refs 36,37). 
Thus, these data suggest that the development of T 
cells is certainly not simply the result of insufficient'** 
coactivation by nonprofessional APCs but is 
dependent on professional APCs that express CD40 
and CD80/CD86. These hgands for CD154 and CD28 
in the periphery are - in the absence of inflammation - 
only present on DCs and not on macrophages, B cells 
or epitheUal ceUs. Therefore, it has been sxiggested 
that DCs control peripheral T-cell tolerance^i. 
According to this hypothesis, immature DCs, in the 
absence of inflammatory signals, take up protein Ags 
in the periphery from apoptotic cells'**, enter the 
regional lymph nodes and prime T-cell precm-sors to 
become regulatory rather than effector T ceUs'^^-^^ 
Primed T^^ cells home to the tissues and, in 
inflanmiatory situations, will be reactivated by 
autoAg-presenting DCs to downregulate the effector 
T-ceU responses at the site of inflammation^!. 

Both types of DC (immature and IL-lO-modulated 
DCs) show similarities as well as differences (T^ble 2). 
Whereas IL-lO-modulated DCs are able to inhibit the 
proliferation and cytokine production of differentiated 
T cells"'^^, the stimulation of effector T cells with 
immature DCs induced a normal T-cell prol^eration 
and cytokine profile^. The influence of immature DCs 
is restricted to resting/naive T cells and the induction 
**^'^reg ^ dependent on repetitive stimulation by 
immature DCs (Ref. 6). By contrast, IL-lO-modulated 
DCs induce Ag-specific anergy even after a single 
contact with the T effector cell. These data suggest 
that the two DC populations have different functions 
in the downregulation of T-cell responses: a direct 
Ag-specific suppression of effector T cells by IL-lO- 
modulated DCs versus the indirect inhibition of 
effector T ceUs in an Ag-nonspecific manner through 
the activation of T^ cells by immature DCs. 

Lymphold-derived DCs in tolerance induction 

Apart from immature DCs, another subtype of DC 
(CD8a homodimer-expressing lymphoid-derived 



http://iRimunology,trends.com 



Review 



TRENDS in tmmunology Vot.22 No.7 July 2001 



397 



Table 2. The similarities and differences between immature DCs and 
IL-10-modulated DCs" 



tmmature DCs 



tL-10-modulated DCs 



Weak expression of MHO and costimutatory 
molecules^ 

Maturation inducible by inflammatory 
stimuli*-*^ 

Present in all peripheral, 
noninflammatory tissues^ 

Involved in the induction of regulatory 
T celis«, no direct influence on effector 
Tcellse 



Weak expression of MHO and 
costimulatory molecules^* 
Maturation resistant"" 

Present in IL-10-producing tumors^^ 
and UV-irradiated skints 

Direct suppressive effect on 
effector Tcells"'Z7 



•Abbreviations: DC, dendritic cell; IL-10, interleukin-IO; UV, ultraviolet. 



DCs) has been implicated in tolerance induction^^ 
The functional properties of lymphoid-derived DCs 
(LDCs) were originally described byArdavinei al. 
using highly purified CD8a-expressing cells^s. LDCs 
apparently originate from prectirsors in the thymus 
and are located in the thymic medulla and T-cell zones 
of the spleen and lymph nodes^2,53 i^^y ^Yiare several 
properties with 'classic' DCs, including dendritic 
morphology and the expression of surface molecules 
required for the stimulation of naive T cells, such as 
MHC class I and II Ags, CD80, CD86 and CD54. LDCs 
have so far only been described in the mouse 
[although some investigators feel that the CD4+IL-3 
receptor CIL-3R)+ DCs represent their human 
equivalents^] and the major phenotypic marker that 
distinguishes them from conventional DCs is CD8a. 
Additionally, murine LDCs do not express 33D1 
(Ref 55), but do express high levels of the Ag receptor 
DEC-205 (Ref. 56). In cell culture, the growth of LDCs 
is largely dependent on IL-3, whereas myeloid- 
derived DCs depend on granulocyte-macrophage 
colony-stimulating factor (GM-CSF)". LDCs seem to 
be unable to process complex protein Ags. When 
loaded with the appropriate peptide or superAg, 
however, these cells will stimulate potent T-ceU 
responses. Their inabiUty to process protein Ags, 
together with the discovery that the majority of 
spleen DCs are LDCs and that only LDCs are located 
in the T-cell zones of secondary lymphoid organs in 
nonimmvmized mice (myeloid-derived DCs only 
migrate to these areas following activation by Ags), 
makes LDCs ideal, candidate APCs for tolerance 
induction^'59. Some investigators have demonstrated 
that LDCs delete mature T cells by a CD95- 
dependent, Ag-specific mechanism^. This effect is 
however, debated by others^i. It should be noted at 
this point that the evidence that links LDCs to 
tolerance induction is mainly circumstantial and no 
definite experimental data exist to support this 
notion'. In addition, recent publications have 
discussed the controversial origin of LDCs, with some 
reports suggesting that myeloid-derived DCs and 
LDCs originate from the same precursor* 

In conclusion, future studies might indeed reveal 
different ontological origins for subsets of DCs. 



Whether certain subtypes of DC wiU indeed prove to be 
'specialized' in tolerance induction or whether function 
is dependent on the activation and maturation status 
of any DC subtype remains to be seen. 

/n vivo relevance 

The prevention of T-cell sensitization through 
modulation by professional APCs is a well-known 
phenomenon. One of the best-studied models is the 
altered APC function after ultraviolet (UV) irradiation 
of the skin. UV radiation has both local and systemic 
effects. Locally, it induces the production of 
immunosuppressive cytokines and an alteration of the 
Ag-presenting function of epidermal LCs. Systemic 
suppression results when suppressive T cells are 
induced by altered LCs and the action of 
immunosuppressive cytokines, such as IL-10 
(Refs 65,66). As the systemic immunsuppressive effect 
can be transfeired from animal to animal by T cells the 
presence of 'suppressor' (regulatory?) T cells is probable. 

Regulatory T cells in tumors 

Additionally, immature, 'tolerogenic' DCs have been 
described in tumors, such as melanoma and breast 
cancer32.67,68 T^imor-associated DCs usually have a 
low allostimulatory capacity and represent an 
immature phenotype. In malignant melanoma, this 
phenotype was linked to the presence of IL-10 in 
progressing metastases'^. When DCs were isolated 
from the melanoma lesions of patients with 
progressing and regressing metastases, marked 
functional differences were observed. Whereas the 
function of DCs isolated from regressing lesions was 
normal in terms of their capacity to induce allogeneic 
T-cell proliferation, DCs from progressing lesions 
were reduced in their ability to support allogeneic 
T-cell responses. Phenotypic analysis revealed that 
DCs from progressing lesions showed decreased 
expression of CD86 and CD83 as compared with DCs 
from regressing metastases. An analysis of cytokine 
release by the tumor tissue showed that progressing 
lesions produced high levels of IL-10, whereas 
regressing lesions produced IL-2 and IL-12, but 
virtually no IL- 10. Supematants from cell cultures of 
progressing lesions were able to suppress allogeneic 
T-cell responses, an effect that was neutrahzed by the 
addition of anti-IL-10 monoclonal antibody (mAb). 
Furthermore, DCs from progressing lesions induced 
anergy in anti-CD3 Ab-stimulated CD4+ T cells32. 

These results were confirmed for breast 
cancer^s '^*'. Here, immature CDla+ DCs are retained 
in the tumor bed in >90% of all samples, whereas 
mature, CD83+ DCs are confined to peritumoral 
areas. Thus, immature DCs seem to be fotmd 
preferentially within tumors and might be used to 
divert immune reactions towards the induction of 
anergy or regulation, representing a means of 
immune escape for the tumor (Fig. 2). 

These findings are further supported by in vivo 
injection studies comparing immature DCs with 
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Rg. 2. A model forthe induction of tumor antigen-specific tolerance by dendritic cells (DCs) in vivo. 
Tumors, such as melanomas^ or breast cancer*^, are able to produce large amounts of interleukin-10 
(IL-10), which possibly modulates the function of tumor-associated DCs. This assumption is supported 
by data showing that IL-10-modulated DCs that present tumor-associated antigens in peripheral 
lymph nodes induce anergic T (T^J cells rather than effector T (T^^^) cells". However, 
experimental and clinical data have shown the usefulness of antigen-pulsed DCs as adjuvants forthe 
immunotherapy of tumor patients. Expanding evidence indicates that terminally differentiated, 
mature DCs should be prioritized for use in the induction of T„„^ cells by vaccination protocols. 
Antigen-loaded immature DCs should not be used for vaccination because of the risk of inducing 
regulatory T(T^) cells that would further enhance the tumor-specific tolerance*. 

mattire DCs in melanoma patients'^. Whereas 
mature DCs reproducibly induced strong T-cell 
responses, negligible responses were observed using 
Ag-loaded immature DCs within the same patient. 
Furthermore, as it has been demonstrated that 
immature DCs might also induce T^^ cells and 
Ag-specific tolerance in vivo'^^, special care needs to be 
taken in vaccination protocols using DCs. For tumor 
patients, the injection of immature, IL-lO-sensitive 
DCs might in fact cause the Ag-specific 
downregulation of T-cell immune responses against 
the vaccinated tumor Ag (Fig. 2). 



Regulatory T cells in liver transplantation and 
, autoimmune diseases 

As well as the studies performed with tumors, the first 
evidence that certain subtypes of DC are involved in 
tolerance induction in vivo stems fit>m hver transplant 
studies". The APCs that are thought to mediate the 
immune privilege of Hver allografts are immature 
DCs. It is known from transplant studies that donor 
interstitial DCs migrate to host secondary lymphoid 
tissue following organ transplantation, where they 
interact with specific, donor-reactive T cells. Thomson 
et al. have shown that immature myeloid-derived DCs 
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propagated from normal murine liver are deficient in 
costimulatory molecules. They migrate in vivo to the 
T-cell areas of secondary lymphoid tissue, where they 
persist for weeks in allogeneic recipients'^ ". These 
liver-derived DC progenitors can prolong allografl; 
survival. In vitro, liver-derived DCs induce only weak 
proliferative or cytotoxic responses in allogeneic 
T cells compared with mature, bone marrow-derived 
DCs. These Uver-derived DCs do not induce IFN-y 
release by T cells, but are prone to induce the release of 
ILrlO. Also, liver-derived DCs have been shown to 
produce IL-10 themselves. Taken together, these data 
indicate that immature hver-derived DCs regulate 
immune responses by the induction of some kind of 
T cell'^'^^. In agreement with the data fix)m Uver 
transplant studies, it has been known for some time 
that the DCs in peripheral organs are usually of the 
immature phenotype (e.g. LCs in the epidermis). Also, 
the majority of DCs present in the lymph nodes have 
been described as representing an immature 
phenotype'^'^^. Becaxise naive T cells can be foimd in 
peripheral tissues it might be possible that contact 
with self-Ag-presenting immature DCs in the 
periphery or lymphoid organs constantly generates 
and maintains T^ cells that prevent the induction of 
autoimmunity. A more appropriate term for this 
mechanism might be crossregulation rather than 
crosstolerance'*^. Only when DCs are properly 
activated by inflammatory stimuli, such as bacterial 
particles, DNA-motifs or cytokines, will they be able to 
induce the activation and diflferentiation of effector 
T cells. This might also explain the frequent finding 
that autoimmune diseases are first diagnosed 
following common infections. 

Therapeutically, the induction of T^^^ cells by 
immature DCs could be useful in patients with 
autoimmune diseases. As the regulatory properties of 
the T cells generated are Ag-independent, it would be 
feasible to utihze these T cells in human 
autoimmune diseases with imknown target Ags. 
Because the T^^ cells are induced by immature DCs 
in an autologous situation, clinical trials are not 
hampered by too many ethical restrictions. The first . 
trials with murine CD4+CD25+ T^^ cells i^lated 
from the lymph nodes or blood in murine 
autoimmune models have been rather successful. 
Also, the injection of allogeneic immature DCs 
induces alloAg-specific T-cell tolerance in vivo and 
promotes vmresponsiveness to skin or heart 
allografts. The generation of human DCs from 
peripheral progenitors and their modification by 
IL-10 might be the first step in the development of a 
treatment for patients with autoimmune or allergic 
diseases with known (auto) Ags. In this scenario, DCs 
generated from the patients might be deactivated by 
IL-10 and then reinfused to switch off a harmful 
immune reaction. Therefore, T^^ cells generated by 
immature or IL-lO-modulated DCs might prove to be 
useful tools for treating many different human 
autoimmune and allergic diseases. 



http://immunology.trends.com 



Review 



TRENDS in immunology Vol.22 No.7 July 2001 



399 



ieferences 

1 Andre, LetaL[ 1996) Checkpoints in the progression 
of autoimmune disease: lessons from diabetes 
models. Pwc NatL Acad ScL U. S. A 93. 2260-2263 

2 Peterson, DA et al. ( 1999) Quantitative analysis 
of theT-cell repertoire that escapes negative 
selection. Immunity 11, 45S-462 

3 Benichou. G. et al. ( 1996) Self determinant 
selection and acquisition of the autoimmime T-cell 
repertoire. Immunol. Res. 15. 234-245 

4 Gammon, G. et oL (1991) The dominant self and 
the cryptic self: shaping the autoreactive T-cell 
repertoire. Immunol. Thday 12, 193-195 

5 Shevach, E.M. (2000) Regulatory T cells in 
autoimmmunity. Anna. Rev. Immunol. 18, 
423-449 

6 Jonuleit, H. etal. (2000) Induction of 
interleukin-10 producing, nonproliferating CD4^ 
T cells with regulatory properties by repetitive 
stimulation with allogeneic immature human 
dendritic cells, t/. Exp. Med. 192, 1213-1222 

7 Cella, M. et al. ( 1997) Origin, maturation and 
antigen-presenting function of dendritic cells. 
Curr. Opin. Immunol 9, 10-16 

8 Banchereau, J. and Steimnan, R,M. (1998) 
Dendritic cells and the control of immunity. 
Mifure 392, 245-252 

9 Banchereau, J. et al. (2000) Immunobiology of 
dendritic cells. Annu. Rev. Immunol. 18, 767-811 

10 Nussenzweig,M.C.e/ai. (1982) A monoclonal 
antibody specific for mouse dendritic cells. Proa 
NatL Acad. Set. U, S. A 79, 161-165 

11 Zhou, L.J. and Tfedder, T.F. (1995) Human blood 
dendritic cells selectively express CD83, a 
member of the immunoglobulin superfamUy. 
J. Immunol. 154, 3821-3835 

12 Thomson, A. W. and Takayama, T. (1999) 
Dendritic cells and the outcome of organ 
transplantation; a contemporary view. 
Thmsplant. Proc. 31, 2738-2739 

13 Thomson, A.W. and Lu, L. (1999) Are dendritic 
cells the key to liver transplant tolerance? 
Immunol. Tbday 20, 27-32 

14 Steinbrink, Ketal.( 1997) Induction of tolerance 
by IL-lO-treated dendritic cells. J. Immunol. 
4772-4780 

15 Kronin, V. et al. (2000) DEC-205 as a marker of 
dendritic cells vnth regulatory effects on CD8+ 
T-cell responses. Int. Immunol. 12, 731-735 

16 Moore, K.W. et al. (1993) Interleukin-lO. Annu. 
Rev. Immunol. 11, 165-190 

17 de Waal, M. et al. ( 1992) Interleukin-10. Curr. 
Opin, Immunol. 4, 314-320 

18 Chang, C.H. et al. (1994) Selective regulation of 
IC AM-1 and m^or histocompatibility complex 
class I and II molecule expression on epidermal 
Langerhans cells by some of the cytokines 
released by keratinocytes and T cells. Eur. J. 
Immunol 24, 2889-2895 

19 Buelens,C.c*a/. (1995) Interleukin-10 
differentially regulates B7-1 (CD80) and B7-2 
(CD86) expression on human peripheral blood 
dendritic cells. Eur. J. Immunol 25, 2G6S-2672 

20 Chang, C.H. et al. (1995) B7-1 expression of 
Langerhans cells is upr^ulated by 
proinflammatoty cytokines, and is downregulated 
by interferon^ or by interleukin-10. Eur. J, 
Immunol 25,394^98 

21 Faulkner, L. et al. (2000) Interleukin-10 does not 
affect phagocytosis of particulate antigen by bone 
marrow-derived dendritic cells but does impair 
antigen presentation. Immunology 99, 523-531 



22 Sato, K. et al (1999) Extracellular signal- 
regulated kinase, stress-activated protein 
kinase/c-Jun N-terminal kinase and p38MAPK 
are involved in IL-lO-mediated selective 
repression of TNF-a-induced activation and 
maturation of human peripheral blood monoqyte- 
derived dendritic cells. J. Immunol 162, 
3865-3872 

23 Koch, F. et al. (1996) High level IL-12 production 
by murine dendritic cells: upregulation via MHO 
class II and CD40 molecules and downregulation 
by IL-4 and IHO. J. Exp. Med 184, 74 1-746 

24 Buelens, C. et al. ( 1997) Human dendritic cell 
responses to lipopolysaccharide and CD40 
ligation are differentially regulated by 
interleukin-10. J. Immunol 27, 1848-1852 

25 Brossart, P. et al. (2000) Tumor necrosis factor a 
and CD40 ligand antagonize the inhibitory effects 
of interleukin-10 on T-cell stimulatory capacity of 
dendritic cells. Cancer Res. 60, 4485-4492 

26 De Smedt, T. et al ( 1997) Effect of interieukin-10 
on dendritic-cell matiiration and function. Eur. J. 
Immunol 27, 1229-1235 

27 Steinbrink, K. et al (1999) Interieukin-lO-treated 
human dendritic cells induce a melanoma- 
antigen-specific anergy in CDS* T cells resulting 
in a failure to lyse tumor cells. Blood 93, 
1634-1642 

28 Enk, A.H.cia/. (1993) Inhibition of Langerhans 
cell antigen-presenting function by IL-10. A role 
for IL-10 in induction of tolerance. J. Immunol 
151,2390-2398 

29 Beissert, S. etal. (1995) IHO inhibits tumor 
antigen presentation by epidermal antigen- 
presenting cells. J. Immunol 154, 1280-1286 

30 Peguet-Navarro, J. etal. (1994) Interieukin-10 
inhibits the primary allogeneic T-cell response to 
human epidermal Langerhans cells. Eur. J. 
Immunol 24, 884-891 

3 1 Caux, C.eial.i 1994) Interleukin-10 inhibits T-<xW 
alloreaction induced by human dendritic cells. Int. 
Immunol 6, 1177-1185 

32 Enk, A.H. et al (1997) Dendritic cells as mediators 
of tumor-induced tolerance in metastatic 
melanoma. Int. J. Cancer 73, 309-316 

33 Sakaguchi, S. (2000) Regulatory T cells: key 
controllers of immunologic self-tolerance. Cell 
101. 455-458 

34 Thornton, A.M. and Shevach, E.M. (2000) 
Suppressor effector function of CD4*CD25+ 
immunoregulatoryT cells is antigen-nonspe(*yic. 
J. Immunol 164, 183-190 

35 Alferink, J. et al. (1999) Peripheral T-ceU 
tolerance: the contribution of permissive T-cell 
migration into parenchymal tissues of the 
neonate. Immunol Rev. 169, 255-261 

36 Salomon, B. et al. (2000) B7/CD28 costimulation 
is essential for the homeostasis of the 
CD4*CD25+ immunoregulatoryT cells that 
control autoimmune diabetes. Immunity 12, 
431-440 

37 Kumanogoh, A. cf a/. (2001) Increased T-cell 
autoreactivity in the absence of CD40-CD40 
ligand interactions: a role for CD40 in regulatory 
T-cell development. J. Immunol 166, 353-360 

38 Seddon, B. and Mason, D. (2000) The third 
function of the thymus. Immunol Tbday 21, 
95-99 

39 Sakaguchi, S. et al (1995) Immimolt^c self- 
tolerance maintained by activated T cells 
expressing IL-2 receptor a-chains (CD25). 
Breakdown of a single mechanism of 



self-tolerance causes various autoimmune 
diseases. J. Immunol 155, 1151-1164 

40 Sakaguchi, S. et al (1996) T-cell mediated 
maintenance of natural self-tolerance: its 
breakdown as a possible cause of various 
autoimmune diseases. J. Autoimmun. 9, 211-220 

41 Boitard, C. et al. ( 1989) T-cell mediated inhibition 
of the transfer of autoimmune diabetes in NOD 
mice. J. Exp. Med 169, 1669-1680 

42 lycahashi, T. et al. (2000) Immunologic self- 
tolerance maintained by CD25+CD4* regulatory 
T cells constitutively expressing cytotoxic 

T lymphocyte-associated antigen 4. J. Exp. Med 
192,303-^10 

43 Jordan, M.S. et al. (2000) Anergy and suppression 
regulate CD4* T-cell responses to a self peptide. 
Eur. J. Immunol 30, 136-144 

44 Fairchild, P.J. and Waldmann, H. (20O0) 
Dendritic cells and prospects for transplantation 
tolerance. Curr. Opin, Immunol 12, 528-535 

45 Steimnan, R.M. et al. (2000) The induction of 
tolerance by dendritic cells that have captured 
apoptotic cells. J. Exp. Med. 191, 411-416 

46 Dhodapkar.M.V.ei a/. (2001) Antigen-specific 
inhibition of effector T-ceU fimction in humans 
after iiuection of immature dendritic cells. J. E^xp. 
Med. 193,233-238 

47 Groux, H. et al. (1997) A CD4* T-cell subset 
inhibits antigen-specific T-cell responses and 
prevents colitis. Nature 389, 737-742 

48 Levings, M.K. and Roncarolo, M.G. (2000) 
T-regulatory 1 cells: a novel subset of CD4+ T cells 
with immunoregxilatory properties. J. Allergy 
Clin. Immunol 106, 109-112 

49 Strobl, H. and Knapp, W. (1999) TGF-pl 
regulation of dendritic cells. Microbes Infect. 1, 
1283-1290 

50 Garza, K.M.ef a/. (2000) Role of antigen- 
presenting ceUs in mediating tolerance and 
autoimmunity.,/. Exp. Med. 191, 2021-2028 

51 Roncarolo, M.G. etal. (2001) Differentiation of 
T regulatory cells by immature dendritic cells. 
J. Exp. Med 193, F5-F10 

52 Vremec, D. etal. (1992) The surface phenotype of 
dendritic cells purified fit)m mouse thymus and 
spleen: investigation of the CDS expression by a 
subpopulation of dendritic cells. J. Exp, Med 176, 
47-58 

53 Ardavin, C. et al. (1993) Thymic dendritic cells 
and T ceUs develop simultaneously in the thymus 
from a common precursor population. Nature 362, 
761-763 

54 Olweus, J. et al. (1997) Dendritic-cell ^ntogeny: a 
human dendritic-cell lineage of myeloid origin. 
Proc. NatL Acad Scl U. S. A 94, 12551-12556 

55 Pulendran, B. etal. {1997} Developmental 
pathways of dendritic cells in vivo: distinct 
function, phenotype and localization of dendritic 
cell subsets in FLT3 Ugand-treated mice. 

J. Immunol. 159, 2222-2231 

56 Wu, L. et al. (1998) RelB is essential for the 
development of myeloid-related CD8cr dendritic 
cells but not of lymphoid-related CD8a+ dendritic 
cells. Immunity 9, 839-847 

57 Saunders, D. et al. (19%) Dendritic-cell 
development in culture from thymic precursor 
cells in the absence of granulocyte-macrophage 
colony-stimulating factor. J. Exp. Med 184, 
2185-2196 

58 de St Groth, B.F. (1998) The evolution of self- 
tolerance: a new cell arises to meet the challenge ' 
of self-reactivity. /mmu/wi Tbday 19,448-454 



http7/immunologv-trends.com 



wo 



Review 



TRENDS in Immunology Vol.22 No.7 July 2001 



11 



59 Smith, A.L. and de St Groth, B.F. (1999) Antigen- 
pulsed CD8a* dendritic cells generate an immune 
response after subcutaneous iiyection without 
homing to the draining lymph node. J. Exp. Med. 
189,593-598 

60 Suss, G. and Shortman,K.(1996)A subclass of 
dendritic cells kills CD4* T cells via Fas-Fas- 
ligand-induced apoptosis. J. Exp. Med 183, 
1789-1796 

61 McLellan, A.D. and Kampgen, E. (2000) 
Functions of myeloid and lymphoid dendritic 
cells. Immunol. Lett. 72, 101-105 

62 Grohmann, U. etal. (2001) CD40 ligation ablates 
the tolerogenic potential of lymphoid dendritic 
cells. J. Immunol. 166, 277-283 

63 TVaver, D. et al. (2000) Development of CD8a^ 
dendritic cells firom a common myeloid progenitor 
Science 290, 2152-2154 



64 Merad, M, et al. (2000) Differentiation of myeloid 
dendritic cells into CD8a+ dendritic cells in vivo. 
Blood 96, 1865-1872 

65 Strickland, FM. and Kripke, M.L. (1997) Immune 
response associated with nonmelanoma skin 
cancer. Clin, Plast. Surg. 24, 637-647 

66 Fisher, M.S. and Kripke, M.L. (1977) Systemic 
alteration induced in mice by ultraviolet light 
irradiation and its relationship to ultraviolet 
carcinogenesis. Proc. Natl. Acad. Sci. U. S. A 74, 
1688-1692 

67 Kiertscher, S.M. etaL (2000)'I\imor8 promote 
altered maturation and early apoptosis of 
monocyte-derived dendritic cells. J. Immunol. 
164, 1269-1276 

68 Wojtowicz-Praga, S. (1997) Reversal of tumor- 
induced immunosuppression: a new approach to 
cancer therapy. J. Immunother. 20, 165-177 



69 Bell, D. et al. ( 1999) In breast cartnnoma tissue, 
immature dendritic cells reside within the tumor 
whereas mature dendritic cells are located in 
peritumoral areas. J. Exp. Med. 190, 1417-1426 

70 Rohrer, J.W. etal. (1999) Human breast 
carcinoma patients develop clonable oncofetal 
antigen-specific effector and regulatory 

T lymphocytes. J. Immunol. 162, 6880-6892 

71 Jonuleit, H. et al. A comparison of two types of 
dendritic cell as adjuvants for the induction of 
melanoma-specific T-ceU responses in humans. 
Int. J. Cancer (in press) 

72 Steinman, R.M. (1991) The dendritic cell system 
and its role in immunogenicity. Annu. Rev. 
Immunol. 9,271-296 

73 Steinman, R. et al. (1995) Maturation and 
migration of cutaneous dendritic cells. J. Invest. 
Dermatol. 105, 2-7 



Ig heavy-chain gene revision: leaping 
towards autoimmunity 

Kimberly D. Klonowski and Marc Monestier 



B cells can revise their antigen receptors outside the confines of the bone 
marrow by secondary Ig gene rearrangements. Although the initial motivation 
to perform these revisions might be to silence a self-reactive specificity, those 
B cells that reinitiate the recombination process can perform a series of 
'leaping' rearrangements and inadvertently shift their receptor specificity 
towards autoimmunity. Heavy-chain receptor revision, coupled with other 
atypical rearrangements, might contribute to autoantibody production in 
systemic lupus erythematosus. 



The rearrangement of Ig genes allows B cells to 
respond to the wide spectrum of foreign antigens 
(Ags) encountered over an organism's lifetime. The 
combination of heavy-chain variable, diversity and 
joining (V^, D and J^) genes chosen to shape the 
repertoire represents the first mechanism by which 
developing B cells can generate this diversity. V(D)J 
rearrangement occurs in highly regulated steps, 
during which gene segments are cut at the 
recombination signal sequences (RSS) flanking each 
Ig gene by the enzymes encoded by recombinase- 
activatinggene 1 (RAGl) and RAG2. This process is 
initiated when pro-B cells in the bone marrow 
recombine a D gene with a downstream Jjj gene to 
form a DJjj complex. Next, the preformed DJjj 
rearrangement combines with an upstream gene, 
generating the complete heavy-chain variable region 
gene. A similar procedure occurs for the Ught-chain 
locus at the later pre-B-cell stage, with the 
recombination of Vj^ and genes. Once productively 
rearranged, heavy and light chains pair to form the 
complete antibody (Ab) molecule, and the immature 
B cell proceeds through selection checkpoints and 
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exits the bone marrow to join the peripheral 
lymphocyte pool^ 

B cells producing Ab molecxiles that recognize self 
Ags are subject to inactivation through various 
mechanisms of tolerance. The B cell might undergo 
clonal deletion or simply become Ag-unresponsive or 
anergic2.3. A fiirther possibihty is that the B-cell Ag 
receptor is edited by a continuing or secondary 
rearrangement of Ig genes'^-^. When used as a 
mechanism of tolerance, receptor editing is more 
economical than deletion or anei^ because these 
autoreactive B cells can lose self-reactivity but remain 
viable and therefore contribute to mounting an 
efifective immune response. Receptor editing takes 
place centrally in the bone marrow, and a similar 
process, termed receptor revision, can occur mature 
B cells in the periphery^-''. Receptor revision is not 
imique to B cells; recent observations suggest that 
mature CD4+ T cells in the periphery can revise the 
p chain of the T-cell receptor^. In contrast to B-cell 
receptor (BCR) editing in the bone marrow, which is 
tolerance-driven, the stimulus to perform BCR 
revision in the periphery is unclear. Although it might 
still contribute to the maintenance of tolerance, 
receptor revision in peripheral sites could also 
participate in shaping the Ab repertoire. For instance, 
several researchers have suggested that peripheral 
revision might allow B cells in germinal centers to 
escape apoptotic death by creating a higher affinity for 
theAg(Refs 9,10). Such a situation is however, 
improbable as secondary rearrangement is a drastic 
process that is unlikely to increase the affinity for the 
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Adjusting Immunosuppr sslon to the Identification of T-Cell 
Activating Mediators in R j ctmg Transplants: A Novel Approach 
to Rejection Diagnosis and Treatment 

J. Strehlau, W. Maslinski, D. Chae. M. Pavlakis. J.H.H. Ehrich, and T.B. Strom 



A CUTE renal allograft rejection is orchestrated by a 
T-cell-dependent sequence of immune events 
aimed to generate alloreactive and cytotoxic T-cell clones 
that promote graft destruction. Activated CD4+ T- 
helper cells play a decisive role in the regulation of this 
antiallograft response, and most immunosuppressive reg- 
imens utilize drugs interfering with cell activation (inter- 
Ieukin-2R-Ab, OKT3, CTLA-4-Fc), gene transcription 
(steroids, cyclosporine, tacrolimus), and proliferation 
(azathioprine, mycophenolate mofetil) of lymphoid cells. 

The number of immunosuppressive drugs used for organ 
transplantation is steadily increasing. "Immuno-suppressive 
drug tailoring" has been advocated instead of the "one drug 
for all" or "random assignment" approach. However, cur- 
rently now widely accepted tools are available to monitor 
the patients immune response and to choose appropriate 
drug regimens for prevention or treatment of rejection in a 
given patient. 

Our groupi and collaborators^ have demonstrated that 
quantitative reverse transcriptase-polymerase chain reac- 
tion (RT-PCR) is a both sensitive and specific tool to 
identify mediators of immune activation in rejecting renal 
allografts. Transplants undergoing rejection with cyclospo- 
nne (CyA)-based regimens did not exhibit transcripts of 
mterleukin (IL)-2 but developed a significantly heightened 
gene expression of the alternative T-cell growth factors IL-7 
and IL-15, RANTES, IL-10, and CTL effectors. ^-^^ More 
recently we were able to show dynamics of gene transcrip- 
tion in children undergoing rejection and successful treat- 
ments,^ 

The specific pattern of posttransplant gene expression 
may be dependent on the organ transplanted, preserva- 
tion injury; APC-T-cell interactions due to HLA differ- 
ences; and costiraulatory factors, time, genetics, and the 
drugs used to suppress this response. We have started to 
evaluate the differential effect of drugs on the generation 
of mediators identified in rejecting grafts (IL-2, IL-7, 
IL-15, CTLA-4, granzyme B [GB], perforin [P], Fas 
ligand [PL]) utilizing RT-PCR in IL-2, IL-7, and IL-15 
induced activation of peripheral blood mononuclear cells 
(PBMC). 

© 1998 by Elsevier Science Inc. 

655 Avenue of the Americas, New York, NY 10010 

Transplantation Proceedings, 30, 2389-2391 (1998) 



MATERIALS AND METHODS 

We investigated the inhibitory effect of CyA, dexamethasone 
(Dex), and rapamycin (Rapa) on the proliferative response and 
gene expression of Ficoll-Paque isolated PBMCs from healthy 
adult blood donor volunteers (n = 8). Cells were cultured for 24 
hours at 37*0 in RPM1640 medium and prestimulated with 0 1 
Mg/mL PHA for 24 hours to induce high affinity cytokine receptors 
and washed thereafter. Drugs were added at desired blood level 
concentrations (CyA 100 ng/mL, Rapa 15 ng/mL) to 200,000 cells 
each 30 minutes prior to stimulation in 96^well microliter plates. 
Cells were stimulated by IL-2 (5 or 50 U/mL), recombinant IL-7 (5 
U/mL) or IL-IS-FLAG (5 U/mL, fusion protein sequence cloned 
by W. Maslinski). Proliferation was analyzed at 7, 24, 48, and 72 
hours by 3H-thymidine incorporation. Cells for RT-PCR analysis 
were haivested and snap frozen in liquid nitrogen at 2, 7, 24, and 48 
hours RNA was isolated by a silica-column based kit (RNEasy 
Oiagen, Germany). RT-PCR was performed for IL-2, IL-I5' 
CrLA4, GB, P, and PL as previously described.' Amplification was 
verihed by addition of tissue-derived cDNA from rejecting kidneys 
known to express the target gene. Both proliferation and GAPDH 
expression served as indicators for the presence of viable cells. 

RESULTS 

IL-2, IL-7, and IL-15 were potent stimulators of PBMC 
proliferation and gene activation. Prestimulation with low- 
dose PHA in itself did not result in a marked proliferation, 
but enhanced the proliferative response to IL-2 (Fig 1) and 
IL-15. Without pretreatment, the proliferative response to 
IL-2 increased in a dose-dependent fashion but was less 
pronounced in the observed 72-hour period. T-cell growth 
factor transcripts were detectable at 2 and 7 hours and 
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Rg. 1. Proliferation of PBMCs measured by 3H-thymidin incor- 
poration. Prestimulation with 0.1 ;tg PHA/mL does not result in 
increased proliferation, but enhances the effect of IL-2 given 24 
hours later. CyA almost completely blocks the proliferative 
response to IL-2, even in cells prestimulated with PHA. 

peaked at 24 hours. CTL genes were inconsistently ex- 
pressed at 7 hours and peaked at 24 hours. 

CyA pretreatment caused a complete abrogation of 
IL-2-driven gene transcription for IL-2, IL-15, GB, P, and 
FL (Fig 2) and blocked the proliferative response (Fig 1) 
Similar effects were observed for Rapa and Dex, with the 
exemption of 11^2 transcription in presence of Rapa. 

11^15 driven proliferation and gene expression of 11^2, 
11^7, IL-15, GB, P, and FL was not inhibited by CyA (Fig 
2). In contrast, cells blocked by Dex or Rapa did not express 
transcnpts for T-cell growth factors or CTL effectors after 
IL-15 stimulation. IL-15 induced IL-2 transcription in pres- 
ence of Rapa. 

IL-7 is not transcribed or expressed in PBMCs. Stimula- 
tion with IL-7 resulted in Rapa- and Dex-sensitive genera- 
tion of IL-2 and CTL effectors. IL-15 gene transcription was 
mconsistent with positive expression in three of eight 
experiments. CyA did not inhibit IL-2 and CTL gene 



STREHLAU. MASUNSKI. CHAE ET AL 

expression induced by IL-7 (Fig 2). IL-7 and IL-15 recip- 
rocally mduced transcription of other T-cell growth factors 
and stimulated generation of CTL effector transcripts in the 
presence of CyA. 

CTLA4 gene transcription was not effectively prevented 
by any of the drugs tested. 

DISCUSSION 

Studies of intragraft gene activation in rejecting renal 
allografts have shown a specific and time-dependent pattern 
of immune activation gene transcription.'"^ We and others^ 
have failed to demonstrate IL-2 in rejecting grafts. Most of 
these investigations were performed in patients treated with 
CyA and Pred with or without azathioprine. 

Pleiotropism and redundance are common features of 
the cytokine system, and there is accumulating evidence 
that in IL-2-depIeted systems (CyA + Pred or IL-2 gene 
disruption) the antiallograft response is effectively sup- 
ported by other T-cell stimulating factors, among which 
IL-4, 11^7. IL-9, IL-15, and IL-17 are possible candidates 
although IL-9 (Li and Strom, unpublished) and IL-17' seem 
to be less likely. Tlie II.2. II.7, and IL-15 signaling 
pathways have been shown to utilize both shared and 
unique components.'''* 

Interference of T-cell activation by immunosuppressive 
drugs may cause a substantial change in the generation of 
immune mediators. Our experiments revealed a differential 
effect of CyA, Rapa, and Dex on the transcription of T-cell 
growth factors and cytotoxic effectors if added to PBMC 
cultures stimulated by T-cell growth factors. 11^15- and, less 
pronounced, IL-7-induced generation of CTL mediator 
transcripts was not blocked by CyA. CyA-resistent 11^7 
gene activation has been previously reported in spleen 
cells, but cannot be verified in purified PBMCs. Moreover, 
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T-CELL ACTIVATING MEDIATORS 

IL-7 induces development of a subpopulation of T cells that 
induces production of interferon (IFN)-gamma and IL-10 
and potentiates the effects of CD28 costimulation on naive 
CD4 + cell proliferation.^*' 

The data support previous observations that IL-15-driven 
T-cell proliferation^ and gene and protein expression of the 
high-affinity IL-15a-receptor (10"" pm) is abrogated by 
Dex and Rapa, but not by CyA." All three known subforms 
of the altemativly spliced IL-15-Ra have been detected in 
CyA-treated kidney transplants.^^ 

As recently shown, a simUar pattern of IL-7 and IL-15 
gene transcription was detected in rejected pancreatic islets 
in IL-2/IL-4 double knock-out mice/^ and IL-15 mRNA 
has been detected in rejecting livers'* and lungs'^ after 
transplantation. As CyA is not effective in blocking IL-7 and 
IL-15 gene expression, an effective regimen should com- 
bine/replace CyA with agents that block expression or 
action of these T-cell growth factors present in rejecting 

A similar differential effect of drugs has been reported 
with TGF-b and IL-10, where both gene and protein 
expression can be induced by CyA,i« whereas TGF-b seems 
to be blocked by tacrolimus via competition of FKBP12.''^ 
Our knowledge of differential drug effects on T-cell 
activation is still fragmentary. We need more precise infor- 
mation concerning the pattern of gene activation in treat- 
ment of refractory, smoldering subacute, vascular, and 
chronic rejection. Moreover, the cellular environment of 
the transplanted organ may alter gene expression. Unlike in 
other organs, IL-5 has been described in rejecting livers.'^ 
The knowledge of drug effects on the generation of 
relevant mediators in rejection will greatly facilitate choice 
of the appropriate regimen to effectively tailor maintenance 
and interventional immunosuppression to the patient's 
needs. An "antibiogram" of rejection needs definition of 
relevant gene expression in a given rejection episode (dis- 
tmction between mediators and epiphenomena is essen- 
tials); and the effect of drugs on T-cell activation and 
mediator gene expression. 
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CONCLUSIONS 

Knowledge of triggering forces in a given rejection episode 
and of the capacity of drugs to interfere with specific T-cell 
activating mechanisms may soon provide us with a tool to 
effectively tailor maintenance immunosuppression to the 
patient's needs. 
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Prc^anuned Cell Death of T Cells Signaled by the T 
Cell Receptor and the «3 Domain of Class I MHC 

SURYAPRAKASH R . SaMRHAKA AND RiCHARD G. MlLlil^ 

fiwctiLng CTL's or T hd^ ~ irR^.*^ ri^f?' completing differentiation into 
death in T cell, ^rj^^^^'^'^t^ ' *«y "duee eell 

of autoreactive T e^ll?:^^™^*"'' 



ACnVATION OF A T LYMPHOCyTE 
requires occupancy of its andgen- 
specific ceil surface receptor (TcR) 
by its appropriate ligand (processed antigen 
presented by class I or dass II MHC mole- 
cules) and a second signaJ from a growth 
factor. If the second signal is not provided 
the T cell becomes unresponsive (anergic) 
(I). We now present evidence for a pathway 
that leads to death of T lymphocytes that 
have been signaled through dieir TcR and 
dicn also receive a signal through the a, 
domain of their class 1 MHC molecule. 

Short-term tissue culture studies of mouse 
lymphocytes in the mixed lymphocyte reac- 
tion (MLR) (2) have shown that CTL's can 
macovatc CTL precursors (CTLp's) that 
recognize them. This process docs not in- 
volve the receptor of the CTL being rccog- 
ni2cd and can occur in the presence of ceUs 
and faaors that can produce activation (i) 
TTiis impUcs that, on being recognized, 
CTL's deliver a signal leading to inactiva- 
oon; chat is, they arc acting as specialized 
antigen presenting cells (veto ccUs) (4) that 
mactivatc T cells that recognize them CTI 's 
reactive to class I MHC (the majority) also 
carry the cell surface molecule CDS, which 
can recognize the domain of class J MHC 
(5). This binding can strengthen die adhe- 
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Sion of a CTL or CTLp to a cell it recognizes 
by bindjng to class I MHC molecules on 
that ccll,*dius facilitating T cell responses. 
We test here whcdier the CDS molecule has 
a second flincdon: Can a CDS molecule on 
a cell being recognized by a T cell trigger the 
inacnvation of diat T cell by interacting widi 
Its class I MHC> 

Paired CDS^- and CDS" CTL lines of 
mouse origin were derived from two inde- 
pendent MLR with F,(BALB/c X RNC) as 
rcsponders and G57BL/6 (B6) as stimula- 
tors (6). All four lines had an ap TcR 
similar specificity -(anti-D^), and similar cy- 
totoxic activity. The CDS^ lines (H.2^ 
when added to an MLR, reduced develop- 
ment^ of cytotoxic aaivity when BALB/c 
(H-2 ) were used as stimulators (MHC was 
shared with die added CTL's), but had no 
effect when SWR (H-2^) were used as stim- 
ulatoi-s.(no .MHC sharing) (Fig. lA). The 
*^L>H CTL hne had no effect on die re- 
sponse in eidier MLR. 

We reasoned diat covering die CDS mol- 
ecule on a CDS t CTL widi a monoclonal 
anobody (MAb) to CDS should block its 
ability to inactivate CTLp's. However, a 
MAb to CDS would also block response 
mducrion (7). We therefore used a MAb 
specific for one of the two aUclic forms of 
the mouse CDS molecule (Ly-2.1 and Ly- 
2.2). MLR's were set up in which bodi 
r«pondcr^ (SJL and H-2') and stimulators 
(BALB/c and H-2'^) were Ly-2.2. To diese 
were added CTL's from eiUicr BALB/c 



(identical to stimulator) or DBA/2 (same 
MHC but Ly-2.1) in die presence or ab- 
sence of MAb to Ly-2.1. Both CTL lines 
produced equivalent response reduction in 
the absence of added MAb to Ly.2.1 but, as 
predicted, the response reduction produced 
by the Ly-2.1 - DBA/2 CTL line was partiy 
rtversed by addition of die MAb to Lv-2 1 
(Fig. IR). ' * 

These results suggested diat any ceU line 
might mac-tivare CFLp's r^rognizing it if it 
were transfected with CDS. We compared 
tiie ability of a TcR- CD4- CDS" BW 
5 147 T lymphoma line {H-2'^) to inactivate 
C Lps rcacnve against H-2'' widi rfiat of 
cells from die same line transfected wid, 
cidier CDS (8) or CD4 (9). Appropriate 
expression of CD4, CDS, and H-2^ was 
confirmed by flow cytometry (JO). Only the 
CDS * lymphoma produced inhibition of 
die anti-H-2^ MLR (Fig. IC). Tliis experi- 
ment provides direct evidence for the role of 
CDS m the inacrivation of CTLp's and also 
demonstrates that cells do not need to have 
the cytotoxic machinery of a CTL or to carry 
aTcR to be able to produce inacrivation of 
CTLp's. 

Tiie MAb 34-2-12S (7/), referred to as 
anti-a3, ts known to bind to the domain 
of H-2 class 1 D** MHC molecules (12) In 
that CDS also binds to die a, domain, 
addition of diis MAb to an MLR in which 
the re.sponder cells carried D^ might mimic 
the effect of adding cells expressing CDS 
Tlie effects of adding anti-a^ or control 
MAb on ceU number, CTI. activity, and 
intcrleukin-2 (IL-2) production in an MLR 
contaimng D'^-bcanng respondcr cells were 
determined (experiment 1, Table I). The 
control MAb's, of die same isotypc (IgG2a) 
and generated in die same immunization 
protocol (H), all interact widi class I MHC 
but appear not to interact widi die a, 
domam (12). Anti-a3 prevented develop- 
ment of cytotoxic activity whereas die odicr 
MAb's to MHC had no effect (7 J). Surpris- 
ingly, both total cell number and IL-2 pro- 
duction (a mc.xsure of T helper cell (Th) 
activity] were also gready reduced by anti- 
a3 but not by die other MAb's. One inter- 
pretation is diat T helper precursors (Thp's), 
as well as CTLp's, are inactivated if diey also 
receive a signal dirough die 03 domain of 
dicir class 1 MHC molecule. 

MAb 28-14-8S (14) is a second MAb 
known ro bmd to a class 1 MHC domain 
in diis case D" (75). It also produced reduo 
tion of bodi cytotoxic activity and IL-2 
production whereas control MAb's (14^ 7 J) 
did not (experiment 2, Table lA) (16). 

,Thc inacrivation of CTLp's produced by 
added CTL's wairs early in an MLR; added 
CTL's have Htdc or no cffea if added later 
dian 2 days after initiation (3). Similarly, 
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ano-a3 completely inhibited cytotoxic activ- 
ity in the MLR when added on days 0, i 
and 2, but had no effect when added on day 
4 (Fig. 2 A). The MAb completely inhibited 
lL-2 production when added on days 0 and 
1 but had no effect when added on days 2 or 
3 (Fig. 2B). ^ 

Access of anti-03 to the domain might 
be inhibited if MAb's to aja^ were first 
added. This, in fact, occurred when MAb 
34-5-8S (anti-ai/aj) was added 48 hours 
after MLR initiation and anti-aa was added 
1 hour later but not when they were added 
in reverse order (experiment 3, Table 1) 
This result provides evidence that die MAb 
to a3 is not acting in a nonspecific manner 
and diat it is acting through direct binding 
to MHC. ^ 
'ITic TcR is associated widi die CD3 mo- 
^ar complex, diought to transmit signals 
from die TcR to die cytoplasm. An antibody 
to CD3 can act as a polyclonal T cell activator 
(17). Simultaneous addition of cither MAb 
specific for 34-2-12S for H-2^ respondent 
and 28-14-8S for H-2'' responded, but not 
otiier MAb\ to MHC produced inaciivation 
as assessed by measurement of total cytotoxic 
activity (Tabic 1). 
To ensure that anri-a3 spared T cells diar 

Fig. 1. Three experiments suggesting that CDS 
medjatcs the inacrivarion of CTLp's bv CTL's 

W cm; bu CD8-, cn?. ISei 

9^'J2- °' " CDS- CD4- 
l^, (-ILs dcnvcd from an F.fEALR/c -x 
RNC) (H-2<v^) anti-C57BL/6 (B6:'A J^MLR 

(H-2-) anti-BALB/c 
MLR s solid bnc) or to SJL anri-SWR (H-2'« 
MLRs (dashed Imc). (B) Covering CD8 molc- 

M ak" ' ^ '^"'^ '^^'^ ^ MLR with 
a MAb to CDS reduced the t^ponse reduction 

CTL BAr,R/c H.2'*, I,y.2.2) (□, ■) were added 
to a MLR [SJL(Ly-2.2) anti-BAllaTc (ly 2.2)? in 
Jhc absence (empty) or presence (filled) of anti- 
b«ly to Ly-2.l (C) BW5147 lymphoma cells 
■ ^'tfi the CD8u chain gene 

mhibited the generation of a CTL rrspome in SJL 
ant,-C3H (H-2^) MLR. Untransfeaed BW cells 
(□, BW-CD8 tnmsfeaants (O, •) or BW- 

^". S?? ^.^^ (*^'"P*y> o"" and-DBA/2 (11- 
2 ) MLR (filled). MLR contained 1 x 10^ rc- 

J^fJnn" 'r^** '"^^ and 3 X lO*^ irradiated 
(^^}0U rad) snmuiator spleen cells in 200 p.! of 
complete medium [a-minimal essential medium 
supplemented with fetal bovine scrum (10%) 

mMw5?J?^"' M), and Hepcs (10 
mM) (27)1. CTL Unes or BW tramfcaants- were 
added in the numbers indicated on the abscissa 
CTl. acuvity was measured on day 5 in a 4-hour 
nmo Z"''^ ^^/'Cr^labeled target cells 
{ 000 per ciJmre) sharing MHC with the stim- 
ulator cells. Tarre« ^itt,-, ^ 1. 



had not received an activation signal, we 
developed a protocol in which, in a first 
mcubation, oniy a fraction of all T ccUs 
would be inactivated by being given a signal 
through tiieir TcR while being exposed to 
anti-a3. T cells were activated widi the 
antibody KM6 [which recognizes die TcR- 
VPS.I or -VP8.2 gene product present on 
about 20 percent of T cells (18)] in die 
presence or absence of anti-a3. When c-ui- 
turcs were analyzed by flow cytometry, cells 
underwent blast transformation in response 
to KJ-16 (assessed by increase in die for- 
ward angle, light scatter signal) before un- 
dcrgomg cell dcadi in response to anri-a., 
[assessed by uptake of die fluorescent DNA 
stain propidium iodide (19)]. By 40 hour^i 
after adding die KJ-I6 alone, there was a 
significant increase in die total number of 
viable blasts compared to cidier control cul- 
tures widi no. added antibody or cultures 
diat also contained ann-aj (Table 2). To test 
the ability of culmres- treated with K;-I6 
and anti-ci^ to respond to a different stimu- 
lus, T cells were again activated with KM6 
m the presence , of ^absence of anti-aj. The 
antibodies were removed after 24 hours of 
incubation, and thc cultures were exposed to 
MAb's to KM'6 or CD3. Prior exposure to 



bodi KJ-16 and anri-a3 reduced the siibsc- 
quent response to KJ-16 but had little effect 
on a subsequent response to MAb to CD3 
(Table 2). 

Signals tiiat activate mature T cells can 
lead, to programmed cell deadi of diymo- 
cytcs (20). Death takes place by apoptosis, as 
indicated by die characteristic fragmentation 
of DNA. We compared DNA extracted 
from diymocytes and splenocytes. Exposure 
to MAb to CD3 plus anti.a3 but nor MAb 
to CD3 alone appeared to induce fragmen- 
tation of splcnocyte DNA comparable to 
that seen in DNA from diymocytes exposed 



A 

i — ^ 









10000 





1000 



30000 



■3000- 10000" 

inc:.b;^o^J^rncr^^^^^^ S~ from normal spleen ce.s by 

rc-expressed as "cytotoxic Zi^^vT^iSch L o^^ ^T" ^P^^^^ '>^i== ^« calculated and 
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Fig. 2. Inhibition of CTL (A) and Th (B) rc- 
Sfu"*^ f" ^ MLR response of BALB/c against 
B6 by addiuon of MAb against die a, domain of 
Class I MHC added at various times after culture 
initiation as indicated. Cultures were prepared 
and assayed as in Fig. 1 . Antibodies added were as 
^Uows: none (O), anti-aj of H-2D'* (34-2-12S 
w^AT "-^'^ (34-5-8S, □), anti 

H-21Y (34-4-20S, A), or anti H.2K''b^(34.1 
■) at ctJii central ions indicated in Table I. 

Fig. 3. The anti-a3 signal leads ^ 

to cell death by afKjptosis. 

DBA/2 thymoc>Tes or spleen 

cells (10^ per culnire) were cul- 

nircd in 10 ml of complete me- 
dium (sec legend to Fig. 1) for 

24 hours with antibody m CD3 

(145-2C11) or that antibody 

and anti-a3 (34-2- 12S). Viable 

cells were harvested and total 
cellular ONA was extraacd 
with phenol-chloroform (JJ). 
The DNA (3 per laitc) was 
subjected to cicarophorcsis for 
7 hours at 30 V in 2% agarose 
gel with tris- borate buffer (34) 
at ST'C and was stajncd with 
cthidium bromide. Left lane, 
thymocytes cultured with anri- 
CD3; middle lane, spleen cells 
cultured with anri-CD3; right 
lane, spleen ccUs culnjrcd with anti-CDS plus 
ann-Qj. 
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Antibody added 



None 

34.2- US (anii-a,) 
34-5-8S 
34-4-20S 
34-1-2S 

None 
28-14-8S 
20-8-4S 
28-8-6S 

None 
34-2-125 
34-2- 12S pJus 

34-5-8S (1 

huur before) ! 
34-2-12S plus 

34-5-8S (I 

hour after)t 



Dacrminant 



recognized 



0(1 or aj of D"* 



as of D** 
a. of K" 



a, or Qi of D'' -h of 
aj ofD'' -I- a, or ofD*^ 



CeU recovery 
on day 3 (% 
of control) 



MLR cultures 



IL-2 on day 
3 (units/ml) 



Expt. 
100 

30 ± 

96 ± 
117i 
108 ± 

Expt. 
100 

50 ± 
118 
111 i 

Expt. 



Cytotoxic 
activity on 
day 5 



BALB/c (H^2') responding to B6 (H-S") 
0.79 ±0.19 1.19- Oil 

'J ^001 -0.01 ± 0.01 

9 1.33*0.50 1.01 ±0 11 

4 1.45 -0.60 0.79 ±0 08 

4 1.70 ± 0.38 0.79 ±0.10 

2: B6 (hi -2^) responding to DliA/2 fi{~2^} 

^■75 ± 0.65 1.43 ±0 17 

n . -0.03 ±0.03 

n. 1.70 ± 0.56 1.89 ±0 44 

9 1.03 ±0.09 1.47 ±0.24 

J." DIiA/2 (11^2') responding to B6 (W2^) 
. 0.76 ±0.14 

0.07 ± 0.08 
0.68 ± 0.10 



0.03 ± 0.02 



Anti-CDS aaivated cultures 
cytotoxic activity 



48 hours* 



72 hours* 



Expt. 1: DBA/2 spleen cells 
1.80 ± 0.23 1.12 ± 0.06 

0.30 ± 0.03 -0.01 ± 0.01 

1.72 ±0.23 0.97 ±0.07 

1.63 ± 0.26 ND 
I 66 ± 0.42 0.92 ± 0.10 

Expt. 2: B6 spleen celb 

1.90 ± 0.25 
-0.04 ± 0.01 
ND 
0.93 ± 0.05 



to MAb to CDS aJonc (Fig. 3). 

We conclude that cither CDS or anti-a3 
can induce death in eidier a CTLp or Thp at 
some point after it has been signaled 
through its TcR-CD3 complex but before it 
has become mature (2?). This appears; to be 
a result of a specific signal induced dirough 
the tta domain of die class I MHC molecule. 
Our data arc consistent widi rtsulis with a 
human CD8 ^ CIX line and a stable CDS" 
antisense transfcctant of this line. The 
CD8-", but not the CDS" line, couJd down- 
rcgulate proliferative and cytotoxic respons- 
es against its own MHC andgcns (22) A 
tumor cell line capable of srimuladng an 



MLR down-regulates bodi CD4-^ and 
CD8^ ceUs capable of recognizing it if the 
Une is transfected widi CDS {23). In CD4+ 
T ceUs (24), dcadi is induced if CD4 mole- 
cuJes are cross-Unked and the cell is dien 
signaled through its TcR. 

Programmed cell dcadi may provide a 
mechanism, for deleting self-reacdvc cells 
provided diat potcntiaUy immunogenic pep- 
tides .are,.recognized in association with 
MHC on CDS- cells before being rccog- 
ruzcd on andgen presenting cells that allow 
activation. CDS-mediated deletion may also 
play a role in down-regulation of an immune 
response by dcledon of acdvated Ifip. This 



would require diat die CD8+ ceU also carry 
class II MHC so diat xhc Thp could rccog- 
mze It. Resting T cells do not exprtss class U 
MHC but at least some activated human T 
ceUs can be induced to express class II MHC 
(25) and die same may be true for mouse 
{26). Class 11 MHOreactivc Thp can be 
inactivated in vivo widiin 3 days of injection 
ot allogemc lymphoid cells (27). 

It is wcU established diat diere are CDS" 
cclls, such as NK ccUs {28) and a Thy-1 ^ cell 
subset in bone marrow (29) diat inactivate 
CTLp's diat recognize dicm. If dicse cells 
act by signaling dirough die domain of 
class I MHC, they must cany some odicr 



Antibody added initially 



Cell recovery* [viable cells 
(10-*^ cells)] ■ ■ 



Total 



Proliferation [radioactivity incorporated (cpm)]t 



■Blast- 



None 
KM 6 

K:M6 + 34-2-12S (anti-a,) 
KJ-I6 + 34-5-8S (anti-a, or -a,) 



256 ± 22 
768 ± 39 
350 ± 25 
ND 



27 ± 2 

210 ± ii ' * 

65 ± 5 
ND 



_-HKM6(anti.Vp8.1-8.2) ■H45.2C1 1 (anti-CD3) Control 



5,179 ±667 
6,979 ± 368 
2,524 ± 264 
6,099 ±715 



23,147 ± 1,059 
25,451 ± 2,551 
24,442 ± 1,370 
23,517 ± 788 



3,823 ± 572 
8,114 ±510 
1,331 ± 168 
6,018 ± 677 



'Enmrs art t««d on replicant visual counts ind pcrceraecs h^d fl ' • ^'^^^ " M18 ± 6! 

ina percentages based on flow cytomctnc analysis of 20.000 cells tEntrie^ / .... - 

1426 * • .wucciis. Ttntnes are mean (cpm) -SD of five replicate cultures. 
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ccU surface molecule that can recognize this 
domain. 

TTic observation that only those CTLp's 
atid Thp's that have been signaled through 
their antigen-specific surface receptors arc 
jdUcd by exposure to an antibody recogniz- 
ing all lymphocytes (anti-a3) may prove 
uscOil for establishing tolerance in the adult 
animal to a particular antigen. 
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CREB: A Ca^-'-Regulated Transcription Factor 
Phosphorylated by Calmoduljn-Depcndcnt Kinases 



Morgan SHENc/f Margaret A. THOMi>soN,t 
Michael £. GKEENBERGt 



Tl.e mcchamsm by which Ca^- mediates gene induction in response to membrane 

I'n rr^'^.r;"'"^^"''*- 3',5'-monopho^sphate S)Z 

sponse element-brnding protein (CR£B) was shown to ftinction as a Ca^^-re Jated 

dZn7?" '''I'"'* ' '"^^'^'''^ ^°'* depolarization-activated Ca-.calmSuli^ 
s^te of phosphorylation by the CaM kina.es in vitro and of phosphorylation after 
r^To hT ^ ^^"tation of Ser^^ j^p^ed L abUity^of C^B to 

respond to Ca^*. These results suggest that CaM kinases may transSuce elertricd 
signals to the nucleus and that CREB functions to integrate Ca- and cISp s'^ds 



DNA ELEMENTS THAT CONTAIN THE 
consensus sequence TGACGTCA 
were originally identified as cAMP 
response elements (CREs) in neuropeptide 
genes (J), but recent studies in neuronal ceiJ 
lines have mapped inducibiliry by mem- 
brane depolarization and increased intracel- 
lular Ca^"^ concentrations to similar se- 
quences in the c-fos {2-4) and procnkephalin 
genes (i). Depolarization of PC12 pheo- 
chromocytoma cells is correlated with rapid 
phosphorylation- of the CRE-binding pro- 

Oepartmcn't-of Microbiology and Molecular (.Genetics 
Harvard Medical School. Boston, MA 021 15. 

'Present addr«s: Howard Hughes Medical Institute, 
Uravcrsity of California School of Medicine, San Fran- 
cisco, CA 94143. 

tThe first two authors contributed equally to this rcpon 
rTo whom correspondence should be acidrctscd. 



rein CKFB on amino acid residue Scr'^^ 
{4). Phosphorylation of Scr'^^ sdmulates 
the ability of CREB to acnvate gene tran- 
scription (tf), suggesting diat CREB may 
mediate transcriptional induction by Ca^"^ 
as well as by cAMP. However, because 
multiple CRE-binding proteins exist (7. 
distinct members of this family may sepa- 
rately confer Ca^" and cAMP inducibility 
on die CRE {4). To determine whedicr 
CREB functions as a Ca^ activated tran- 
scription factor and to test if phosphoryia* 
tion of Scr''^'^ is important for this activa- 
tion, we have targeted CREB to a different 
DNA regulatory sequence by fti.«!ing it to the 
DNA-binding and dimcrization domain of 
the yeast transcriptional acdvator GAL4 (9) 
(Fig. 1). The use of a reporter gene that 
contains GAL4 binding sites aUowed a spc- 
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The Role of the Common Cytokine Receptor y-Chain 
m Regulating IL-2-Dependent, Activation-Induced CD8^ 
T Cell Death 



blocking the comn^on cytokine receptor y^hain (7c) pretnt^rScl 2 ind^ . ' 

ligand (FasL) and down-regulated yc expression on aTt valS 2C T T ^^U^^^nted AICD. IL-2 up-regulafed Fas 

exa^erated ye expression o^n their CD8^ ^ot :ntrco^^^ 7,^^ IL^^JLT i^' f""" "^^^ 

influence FasL or yc expression. These data provide evidence tiat 11.2 CD^ T f ' I ^'^""^ 

mechanisms: 1) by up-regulating a pro-apoptoHc molecule FasI 7nH n h. 7 ? • lymphocytes for AICD by at least two 
Imn^unohgy. 1999, 163: Ii31-^137 ' ^ d<»vn.regulating a survival molecule, yc. The Journal of 



Imei-leukin-2 promotes the prolifei-ation of T Ivmphocytes fol- 
lowing primary activation with Ag by binding to a high af- 
finity receptor, 1L-2R, which consists of three subunits: IL- 
2Ra 1L.2R^, and the common cytokine receptor y-chain (yc)'* 
( 1 ). Paradoxically, lL-2 also programs T I>'mphocytes for ucti vation- 
mduced ceti death (AICD) (2) after repeated antigenic stimulation 
(2-7). The AICD of mature CD4 ^ T lymphocytes is mediated by 
Fas-Fa.s l.gand (FasL) interactions (8-11). iL-2 prepares these 
cells for AICD by up-regulating Fast exprnssion and down-regu- 
iatmg tlie transcription of FLIP (IL- 1 )3-converting enzvme-like 
protcase-hke mhibitory protein), a protein that inhibits Fas-medi- 
ated apoptosis (12). The AICD of CDS^ T lymphocytes is medi- 
ated mainly by the TNFR cell death pathway (13-15) but Fas 
plays a critical role in the AICD of autoreactive CDH"^- T cells (1 6) 
The cellular mechanisms by which IL-2 prepares CDS ' T lym- 
phocytes for AICD are not known. These mechanisms may differ 
from those in the CD4- population, because efficient elimination 
of efiector CD8 T cells is necessary to avoid nonspecific injuiy of 
tissues in which the inciting Ag, for example a viral p,x,tein 
persists. * 

yc is crucial for CD8 ' T cell survival. It is expressed on naive 
and activated CD4- and CDS^ T cells; is a .shared subunit of the 
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lL-2, lL-4 1L^7, lL-9, and lL-15 receptors; and is ccntml to cy- 
tokine- mediated T cell proliferation (17, 18). yc mutations in hi 
mans result in severe combined immunodeficiency characterized 
by a profound decrease in cireuhuing T lymphocytes (1 9) gene- 

nnlorr^'u' development 
(20-22). At birth, NR cells are absent, and mature B and T lym- 
phocytes are markedly diminished, indicating that yc is indispens- 
able for the development of all murine lymphocyte classes 
Although activated CD4-^- T cells accumulate over time in' 

niff-.TlV'"''''' ' f^°P^'^^i«" r<^"i^ins extremely small 

(^U, 23). These obser\'ations suggest that mature CD4" T cells 
respond to yc-independcnt mitogens, whereas mature CDH * T 
cells are critically dependent on yc for proliferation and sur^wal 
The finding that female yc-deficient mice made transgenic (tg) for 
a TCR specific for the HY male Ag lack mature CD8^ TCR-tg T 
lymphocytes in their peripheral lymphoid organs despite efficient 
positive selection of these cells in the thymus further indicates that 
yc provides essential survival signals to CD8 " T cells (24) 

The presence of multiple surface proteins that influence CD8 ' 
1 lymphocyte siurival raises the possibility that lL-2 could pre- 
pare these cells for AICD by up-regnlating dcath-promotirg mol- 
ecules such as FasL and down-reguhiting sun'ival -promoting 
molecules such as yc. To test this h)'pothesis, we est;ib!ished an 
Ag-specific, rL-2-dependent AICD model using CD8'" TCR-tg T 
cells (2C), which recognize the L"^ murine MHC class 1 Ag (25) In 
this model 2C cells primed in vivo with L-^-expressing splenocytes 
underwent apoptosis upon cross-linking of their tg TCR in vitro 
with a clonotypic Ab (1B2). AJCD occurred only if lL-2 was 
present in the mediimi. Using this model, we provide evidence that 
IL-2 sensitizes CD8 ' T cells to AICD by at least two feedback 
mechanisms: 1) by up-regulating FasL expression, and 2) by 
down-regulaUng yc expression on activated CT>8 ' T lymphocytes. 

Materials and Methods 

Mice 

cha.sed from The Jackson Lahoiatory (Bar Ha±or, ME). 2C TCR-tg mice 
fC.7BL6 backgroimd) (27) were provided by Dr. Dennis Loh (Washington 

0U22-i767/99/$02.00 
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SenlerSL'^^^ "'^ ^'''^"^^ Administration 

Medical Center/Lnior>' Univemty animal facility. Screenim; for the 2C 
rransgene was performed by PCR. ^ 

Cytokines and Ahs 

f:iidotoj(in-free recombinant mouse iL-2. mouse lL-4 (3.4 X 10^ U/mni 
.noma lU (5 X I0<* U/mg), and simian IL-15 (2.2 X 10« uLj S 
purchased from Genzyme {Cambridge, MA,. Monoclonal r.. am." ils^ 

ch^L'' '"-^ ^'^''-^^^^'^^ TNF-« were a!so pur- 

c^used from Genzyme. Monoclonal rat anti-mouse yc (3EI2 and 4G3) 
(28), mt ani.-mouse 1L.2R« (3C7), n.t anti-mome IlSr^ (TM^Bl ) i^a- 

hv nH^ P^^'^ha^d trom PharMingen (San Diego. CA). The mouse 
2C t. T?R w r P:j^;r^h-'-o*yP- Ab l B2 .hat is s ecif.c for the 
ithfiJ^l ^ ^ ^'"'"^ (Washington Univei^ity) (27). 
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Proliferation assay 

008^132- T lymphocyies isolated from primed 2C mice u'ere cultured in 
tnpl.ca.e a, 3yc in a 5% CO., incuba.or in complete RPMI merun" 7o% 
FCS 2 niM ghiiamine, 100 U/ml penicillin, and lOO u./ml strep^mvc n 

''^•^-"'-'-^'OP-catedwT bT^^^^^^ 
r2T.S th.Tr PharMingen). mAbs" 

"mTtir ^r"*^^^"';,^^"''^ 'a'-^r. the wells were puJsed with 0.5 ^Ci of 
[ MjTdR and harvested after 6 h omo fiberglass filter papers (PhD cell 
harvester; Cambridge Technology. Cambridge MA). ^f^TdR up'ake Z 
measured m a sc.ntillation coun.er (Beckman. Palo Alio CA) 



Celf preparation 

? SbI^^'Th ^^^^ '^'f'^T" P^.*^*^^* '^C'^-'S T 'yniphocytes. 

rnn,2n ^. ^""^ "^'^^ «^ W'^^^ primed in the 

iavTat^^^^^^ ' P^LB/c(H-2^)splenocytes/injection.Five 

days later, tl e mice were sacnficed, and the lymph node and spleen cells 
were ..olated, pooled, and enriched for T lymphocytes by nonadhe'ence to 
nylon wool coh.mn.s (Polysciences. Warrington, PA) CD4-^ TTeHs B 
cells monocytes, granulocytes, and NK cells were then eliminated by'in- 

, CD59 (clone 2B4: PharMmgenj, and rat anti-mouse HSA (JlID- Phar- 
M>ngen) followed by addition of guinea pig complement (Ac u te Chem- 
>95y rn?^ r ^'f^'^c "'^^^ ^^"^^'"'"^^ '^^'I population Jas 
temimed by flow cytometry. The enriched Cor 1 B2- cells, refenid .0 as 
-.C celKs m diis manuscript, were then ased in tlie AlCD assay. The CD8^ 
T ce 1 ennd^^^^^^^^ ,,3, ,^ ^...^^^^ (nomransgenic) 

ana iL-l C57BL/6 mice when indicated. 

AJCD tjssoy 

CD8nB2- T lymphocytes (I X 10*^) isolated from primed 2C mice as 
;.^?h innl!" ""''^ ""''"^'^^ 24-well plates precoaled 

uneriZ'r '''''' ^^'-"^^^-S^") «»d IB2 hybridoma 

XrM V P''^''^'^"*^ ^^''^^^ '^^lyP*^ control mouse IgG I 

harM.ngen) instead of 1B2. Complete RPMI 1640 medium (10% Fcf 

cSr- ^^T"*"- '^"^ ^^-J streptomycin; wa 

wlrl' HH H Ab.s oranti-cytokine receptor Abs 

hte? .1 ""'^r^ '^"'"^•"^ «^ Twemy-four houi. 

ter, cells -ere washed, counted, and analyzed for npoptosis or for ceU 
surface markers by flow cytometry as described below. To study AlCD in 
VIVO. 2C mice were primed in the footpads with 1 X lo' BALB/c m.'>'*^ 

n' Znlrri '''n' ^-"'^'^^-h^- 'ater. poptiteal^d ngii- 
nal lymph node cells were pooled, enriched for CD8"IB2" celk as de 

hc"e m.rL?.\''T*""' ''''^^''''^ '"^^ ^P^P'"-^^^ ^^11 suri 

tace markers by flow cvfomeiry. 

Flow cyumetty 

To detect apoptosis cells were fi^ed in 2% paraformaldehyde, permeabil- 
..ed wuh 0.1% Tnton X-100 in 0.1% sodium citrate, and i Lied S, 
fluoresce.n-tagged dUTP by the TUNBL method accoKling to the manu 
t Z s instructions (In Situ Cell Death Detection Kit. Boehringer Mann, 
he m, Mannheim. Germany). Cells were then analyzed by single-color flow 
cytometty on a Becton Dickinson FACScan (Mountain View/cA) T^ I 
to al ymphocyle popula.ion was gated, and apoptosis was measured by 
calculating the percentage of TUNEL^ celLs. To determine the absolute 

"^"^"'^^^ "^^"^"^ cells :.rmtied 

fnln^^ Tn L ^ «'^P^«^^"' well at the end of the exper- 

iment. To mea.sure cell surface markers, cells were stained with PE- or 
riTC-conjugated rat anti-CD4 (11129.19: PharMingen), PE- or FiTC^on- 
jugated rat anti-mouse CDS (53-6.7; PliarMingen). FlTC^oniuea^rrat 

rMi:n Ph ^'^*'=^"J"g^''^d hamster anti-mouse FasL 

SedYn' fy nl7'"\T'.'f intracellular Bcl-2 expression, cells were 
n^ed m 1 /„ paraformaldehyde and penneabili;£ed with 0. 1% Triton X-1 00 
berore stammg w,.h FITC-conjugaled hamster ami-mouse Bcl-2 (3FM 
^ harMmgen). The appropriate conjugated, Lsoiype control Abs were used 
as ncgauve controls. Stained cells were analyzed by single- or duaT-coTor 
flow cytometry on a Becton Dickinson FACScan. 



Results 

ll-2-depen(ient AlCD afCDH^ T cells 
Wc ast.,b]i.shed an AlCD model cirivcti by repeated .timulatioti of 
I M M^"'! "^^^^ ^ ''''' ^pecificaily to 

. n ..'w ' '^^^ ^^^^enized by a clono- 

typtc Ab (1B2) (25). Spfenoc>tes of either naive 2C tnice or 2C 

rn^ it"V'"!! '^P'^^-^-ytes were enriched for 

CUS 1B2 TcclLs and cultured in complete medium in the pres- 
ence of either piate-bound iB2 Ab or isotype control migG Ap- 
optom was measured by flow cytometry 24 h later. As shown in 
Fig. lA, ;i small proportion of naive 2C cells underwcm i,popfosi<i 
when their TCR were cross-linked in vitro with 182. This degree 
of apoptosis was most likely due to passive ceil death, because a 
stmt ar proportion of naive 2C cells underwent apoptosi. when 
challenged with mlgO in.stead of 1B2 (Fig. lA). In contnist in 
vitm stimulation with 1B2 incteased the percentage of apopt;fic 
cells when 2C cells were preactivated in vivo by challenging 2C 
mice with L -expressing splenocytes (Fig. \A). Unlike 1B2 mlgO 
u ^''^ ^r>optosis of preactivated 2C cells, indicating 

that AlCD in this model is dependent on repeated stimulation of T 
lymphocytes via their TCR. 

^^,^";'-"^^t<=d »ho elTect of T cell mitogenic cytokines on the 
AlCU of 2C cells. Recombinant c>'tokines were added to preacti- 
vated 2C cells at the time of in vitro stimulation with eitlier plate- 
bound 1B2 or rargC. IL-2 increa.sed the lB2.induced apoptosis of 
preactivated 2C cells significantly, whereas the addition of IL-4 
IL-7, and lL-t5 reduced the percentage of apoptotic cells (Fig i^)' 
Excess IL-2-ncutralizing Ab, but not control mt IgG or lL-4-neu- 
trahzing Ab, completely inhibited iB2-induced apoptosis of pre- 
activated 2C cells (Fig. IQ. The data indicate that the AlCD of 
CDS T cells IS dependent on lL-2. 

To determine whether TL-^, IL-7, and IL-IS reduce the pix)por- 
tion of apoptotic cells by preventing AlCD or by increasing T cell 
proliferation, we calculated the absolute number of apoptotic 2C 
cells following the induction of AiCD (Fig. ID). We found that 
L-2 mcrea.ses the number of apoptotic cells significantly, whereas 
IL-4 and iL-7 reduced the number of apoptotic cells by a small but 
significam. amount (19-24% reduction). LL-15 did not have a'sig- 
mficant effect on AlCD. These dau, suggest that IL-4 jmd lL-7 
have a modest antiapoptotie effect on activated CDS'** T cells 

Counting apoptotic cells is subject to error, because dead cells 
can degeneitite in culture. We therefore quanfitated the absolute 
number of viable cells 24 h after in vitro stimulation of CD8^ T 
lymphocytes obtained from either naive or primed 2C mice (Fig 
I^). The number of viable 2C lymphocytes obtained from naive 
2C mice increased significantly following their stimulation with 
1B2 alone or with 1B2 plus IL-2, lL-4, IL-7, or lL-15. Addition of 
ant,.IL.2 inhibited IB2-induced expansion of these cells. In con- 
trast, the number of viable 2C lymphocytes obtained from primed 
mice did not increa.se significantly when stimulated with IB2 
alone or with IB2 plus IL-2. The addition of IL-4, IL-7. or IL-IS 
restored 1 B2-induced expansion of these ceils. These data ar« also 
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FlGVm ] lL-2-dependent AiCD of CDS^ T cells. A, T cell activation 
IS requ.red tor AlCD. 2C cells, isolated from either naive 2C 

mice or 2C mice primed with L^-bearing splenocyfes. were stimulated in 
vitm w,,h either ra-cros.-li,J<.ng Ab (IB2) or iso.ype control Ab 
(inlgG). Twenty-ioiir houis later, cells were labeled by the TUNEL method 
and analyzed by single-color flow cytometry. After gating on the total 
r"'''""' fpercentage; of apoptotic 

hnT« V "f"''''^- '"''^ - '^'^''^ experiments are 

shown ^ Oogenous IL-2 enliances AICD. 2C cells were isolated from 
pnmed 2C mice, stimulated in vitro with either mlgG (control) or I B2. and 
ana^y-zed for apoptosis as described in A. IL-2 f50 U/ml), 11.4 (20 ng/ml) 
lL-7 (20 ng/ml). or IL-15 (20 n^^'ml) was added at the beginning of .he 
ITTJ^^ T'" ~ e.penmenls are .shown. 4>, no cytokine 

added. C bndogenous IL-l is required for AICD. 2C cells were isolated 
from pnmed 2C mice, stimulated in vitro with either mlgG (control) or 
1132, and analyzed for apoptosis as described in A. Isofype control (rat (gC) 
or cytokme-ne,.traIi.ing Abs (10 ^g/nil each) were added at the beginning 
of the culture. The mean ± SD of three experiments are shown. D Effect 
of T cell miiogemc cytokines on AICD. TTie AICD of 2C celts was .studied 
as described in B and C The absolute number of apoptotic 2C cells was 
calculated by multiplying the pen-emage of TUNEL* cells by the total 
mmiber of cells present in each well at the end of the experintent The 
mean ± SD of three experiments are shou-n. E, Effect of T cell mitogenic 

22trZ r'n""'-'''' "''"^ •''-'^^ °' P""^^ bars) 
-iC lells 24 h following m vitro stimulation with mlgG or IB2. Cell via- 
bility was determined by trypan blue exclusion. The mean ± SD of three 
expenments are shown. F, Effect of T cell mitogenic cytokines on the 

oM n7 p T '"T' ""^ -th mlgG 

. .1 1 ; / ""I ' T ^^''"^''^'^ - '^^^h experimental condition was 
.aLulated based on cell numbei-s shown in E according to the following 
formula: (open bar - solid bar/open bar) x 100. 




24 48 

Time (hours) 
□ mlgG 
^ 1B2 

M 1B2 + anli-TNFa 
162 + antl-FasL 
I 1B2 + anti-TNFa + antl-FasL 

n ^^^l!"^ ^"'^ '"'^'""'^^ Ii-2-dependent AICD of 

CDS T cells. 2C cells were isolated from primed 2C mice and stimulated 
in Vitro With either mlgG (control) or 1B2. Anti-TNF-a (10 ^g/ml) anti- 
Hsl no Mg/ml), or both Abs were added at the beginning o^L culm^^. 
Twenty-lour and forty-eight hours later, cells were labeled by the TUNEL 
method and analyzed by singie-cofor flow cytomedy. Afler gating on the 
ZlnTrr (percentage) of apoptotic 

TUNEL+J cells was calculated. The iriean ^ SD of three experinienis are 



, portrayed as relaUve cell loss (percentage), which retlects the dif- 
ference m cell expansion between 2C ]>iTiphocyte.s obtained from 
pnmed mice and those obtained from naive inice (Fig \F) These 
findmgs confirm the unique pro-apoptotic effect of IL-2 on acti- 
vated CDS ' T cells. 

Biocking FasL or TNF-a inhibits IL-2~dependem AICD of 
CDS T cells 

To test whether the IL-2-dependent AICD of CDS ^ T Ivmphocvtes 
ts mediated by the Fas and/or the TNFR death pathways, we siud- 
led the effect of Fast- and TNF-a-blocking Abs on AJCD in oiir 
model In vivo activated 2C ceils were stimttlated in vitro with 
plate-bound I B2 Ab, and the percentage of apoptotic cells was 
determined 24 and 48 h later. We found that the addition of exces. 
TNfF-a-neutralizing Ab reduced AICD at 24 h by about 20% 
whereas blocking Fa.sL-Fas interactions with anti-FasL Ab inhib- 
ited AICD by about 60% (Fig. 2). In contrast. TNF-« neatntliza- 
tion resulted in more iuliibition of AICD at 48 h than that achieved 
by blocking FasL (-55 vs -Umy Combined blockade of FasL 
Til Z synergistic inhibition of 

rn«^ 'i ^' -'^Wsting that the roles of Fas and TNFR in 

T cell apoptosis are separated temporally. 

fL'2 up-regulates FasL expression on activalecl CD^ ' T ceils 
IL-2 up-regitiates TNFR expression on CD4-^ and CDS^ T cells 
(29, 30), suggesting that IL-2 sensitizes activated T cells to apo- 
ptosis via the TNFR deaUi pathway. IL-2 up-regulates the surface 
expression of FasL on CD4-^ T cells (12). but its effect on FasL 
expi^ss.on on CDS"^ T cells is not known. To address this issue 
2C mice were primed with L^-bearing splenocytes. Five days later' 
their spleen cells were enriched for CD8' 1B2 " T cells and re- 
stimulated in vitro with plate-bound 1B2 Ab or isoiype control 
mlgG. FasL expression wa.s measured 24 h later by flow cytom- 
e^. As shown in Fig. 3. activation of 2C cells with plate-botmd 
IB2 up-i^gulated FasL expression. Adding rlL.2 enhanced FasL 
expression fiirther, whereas rL-2-neutt^Ii2mg Ab inhibited FasL 
up-regulat,on (Fig. 3.4). In contrast to JL.2, cytokines that do not 
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FlCUUIi 3. IL-2 up-regula(es FasL expression on activated CD8^ T 
cells. In both experiments (A and fl), 2C cells were isolated from prinied 
2C mice and stjmtilnted in vitro with either mlgG (control) or I B2 IL-2 {50 
U/ml) anti.rL.2 (10 Mg/ml), lL-4 f20n8/ml), IL-7 (20 ng/ml), or IL-15 (20 
ng/ml) was adfled at the beginning of the culture. Twenly-foiir houi^ later 
surface expression of FasL was measured hv single-color flow cytometry 
unstained cells (dotted line), mlgG-stlmiilaled cells (solid line) IB2-stim- 
lihted cells (bold line), and lB2-stimulated cells treated with ci^fokines or 
lL-2-neuiralizing Ab (shaded histogram). 



promote AlCD (IL-4.. IL-7, atid IL-15) did not alter FasL expres- 
sion on activated 2C ceils (Fig. M). 

yc-hhcking Abs enhance IL-2 -dependent AlCD ofCDS'^ T cells 
and inhibit Bcl-2 induction 

To test whether yc regulates lL-2-depcndcnt AlCD of CD8" T 
cells, we examined the effect of 'yt;-blocking Abs on Ivniphoeyte 
apoptosis in our model. Abs that target 7c C3E12 and 4G3), but do 
not mterfere with the binding of IL-2 to the a and 0 subunits of the 
IL-2R (28), enhanced AlCD in the 2C cell population (Fig. AA\ 
Enhanced AlCD was continned by deteiminitig the absolute num- 
ber of apoptotic cells in this experiment. A 34% inci^ase in the 
absolute number of apoptotic cells was observed following the 
addition of yc-block-ing Abs to lB2-stimi,Iated 2C cells (mean of 
three expenments). Dose-dependent augmcntiition of AiCD was 
observed when the concentrations of 3E12 and 4G3 were varied 
between 0.1-100 ^g/ml (data not shown). If rIL.2 was added to 
the medium along with 3EI2 and 4G3, the proportion of apoptotic 
celk increased further, confinning that IL-2 imeracts with its re- 
ceptor and promotes AlCD in the presence of yc-blocking Abs 
(Fig. AA). in contrast, Abs that block the a and )S subunits of the 
IL-2R inhibited AICD completely (Fig. 4^). Enhanced apoptosis 
induced by yc-blocking Abs was not due to increased passive cell 
death, because these Abs did not alter the apoptosis of naive 2C 
cells cultured in the presence of plate-bound mlgG (25.3 25 8 
26.0, and 25.6% apoptosis in the presence of rat IgG isot>'pe con- 
trol, anti-IL-2Ra, anti.IL-2R)3, and anti-JL-2Ry, re.spectively) or 
plate-bound IB2 (26.2, 27.2, 26.1, and 29.8% apoptosis m the 
presence of rat IgG isotype control, anti-IL-2Ra, anti4L-2R^ and 
anti-IL-2R7, respectively). AlUiough anti-IL-2Ra, anti-iL-2R)3 
and anti-yc Abs inhibited iB2-induced proliferation of preacti- 
vated 2C cells (Fig. AB), only anti-yc Abs enhanced their apoptosis 
(Fig. 4A). These observations indicate that yc is essentia! for both 
the proliferation and the survival of activated CDS = T cells. To 



FIGURE 4. yc-biocking Abs enhance lL-2-de- 
pendent AlCD of CD8" T cells and inhibit Bcl-2 
induction. A, Tc-blocking Abs enhance lL-2-depen- 
dent AlCD. 2C cells were isolated from primed 2C 
mice and stimulated in vitro with either migG (con- 
trol) or 1132. Abs (10 ^g!m\ each) were added at the 
beginning of the culture. Twenty-four hours later, 
cells were labeled by the TUNEL method and ana- 
lyzed by .single-color flow cylomelry. Ailer gating 
on the total lymphocyte population, the proportion 
(percentage) of apoptotic (TUNEL+) cells was cal- 
culated, no Ab added. Tlie mean ± SD of four 
eAperimenf.s are shown. B, yc-blocking Abs inhibit 
2C cell proliferation. 2C cells were isolated from 
primed 2C mice and culnired in plates precoated 
with either mlgG (control) or IB2. inAbs to rat IgG 
(control), lL-2. IL-2R«. 1U2R^, or yc (4G3 phis 
3EI2) were added (10 /Ltg/nil each) at the beginning 
of the culture. [-^ IJTdR incoiporation wa.s measured 
24 h later. 4>, 110 Ab added. The mean ± SD ofihree 
experiments arc shown. C yc-blocking Abs inhibit 
Bcl-2 induction. 2C cell.s were i.solaied from primed 
2C mice and stimulated in vitro with either mlgG 
(control) or IB2. Abs to lU2Ra, 1L-2R^, or yc 
(4G3 plus 3E12) were added (10 ^ig/ml each) at the 
beginning of the culture. Twenty-four hours later,' 
intracellular expression of Bcl-2 was measured by 
-single-color flow cytometry: unstained cells (doited 
line). mIgG-stimulated cells (solid line). lB2-stim- 
ulated cells (bold line), and I B2-stimu!ated cells 
treated with the indicated Ab (shaded histogram). 
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FIGURE 5. JL-2 down-regiilates and up-regulates IL-Rfi expression 

si "^'^' f ""^ '-^^'^'^^ P--^ 2C r^Z 

sum , ated m v.tro with either mIgG (confrol) or IB2. 1U2 (50 U/ml) 
am.- L-2 (iO ;^/n,l). ll^ (2f) n^ml), IL-7 (20 ng-'ml). and IL-15 (20 

ng/ml) were addeda, the begmningofthecultule.Twcnm 

surface expression of ^ (A) and 1L-2R^, (5, ..s measured by .sing'ioS 

flow cy om^xry: .mstained cells (dotted line). nilgG-stimulated cefls id 

with the indicated cytokine or anti-lL.2 (shaded histogram). 



fiirther xamtne the anh-apoptotic role of we tested the effect 
of 7C-block,ng Abs o„ Bcl.2 expression. We found thm ami-^ 
Abs but not those that block the a- and ^-chains of the IL-2R 
inhibit activation-iiiduced Bci-2 expre.ssion ii, 2C cells (Fig. 40.' 

IL'2 down-regniaies yc expression on activated CDS* T cells in 
vitro and tn vivo 

rn« " T ''"^'"'^ ^"'^ proliferation of activated 

t U« T cells. SVC asked whether IL-2 induces scn.siti vity to AICD 
by down-rcgulating ye expression on these ceils. 2C mice were 
pnmed wuh L^-bearing splenocytes. Five days later, their spleen 
and Jymph node cell.s were enriched for CD8"]B2" T cells and 
res^mulated in vitro with plate-bound 182 Ab or isotype control 
nilgG. As shown in Fig. 5A, cross-linking the 2C TCR with 182 
up-reguiated yc exprcssio.i. However, ^ expression was signifi- 
cantly higher in the presence of JL-2-neutrali2ing Ab and was sio- 
mficantly lower when rIL-2 wa.s added to the culture medium. 

jL-7, and IL-15, which do not promote AICD (Fiu \B) 
d.d not .iter yc expression. In contmst to its effects on iJi 
enhanced the expression of the IL.2R /3-chain on activa^id 2C 
ce Us. whereas IU4aL.7, and IL.15 resulted in it. down-regulation 
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HCORE 6 Lndogenous IL-2 down-regulates yc and up-regula.es IL- 
2R^ expres^ton on 2C cells in vivo. 2C mice were kept naive or 
pnmed in the ootpads with allogeneic spIenocy,es on dav' 0 and 5 Twen 

ennched for CD8 1132 ■ cells, and analysed for ^ expt^ssion (top panel 
a^d 1L-2R^ expression (homn, pa.ei) by single-color flow cytometry- 

Mg oriL-2.ne,itraliziiig Ab i.p. on day 5 (shaded histogram). 



We then tested whether endogenous 11-2 rcgiUatcs yc and IL- 
^R^ expression m vivo. 2C mice were primed with L'^-bearinu 
splcnocytes on^ys 0 and 5, and their CDS^' T cells were analvzcd 
for yc and 1L-2R^J expression by flow cytometry 24 h hter As 
■shov™ m F,g. 6 rL-2-neattt.Iizing Ab given to mice at the time of 
secondary stimulation with allogeneic splenocytes resulted in su- 
pennduct,on of yc and inhibition of IL-2Ri3 expression. Moreover 
we found Uiatyc expression on CDS*" T cells of adult IL-2 gene' 

tvnet 2 ^" ^ r ^ '''''' ^^^^ - -Id- 

type (IL.2 ) mice (Fig. 7). Comparable levels of yc, on the other 

? it 7P« ' ' ^^-2 ^D^^ T cells (Fig. 

rr ? ' ^"'^ ^'"^ ™ ^ T ^-eils was lower 
I d!. r ^"'^^"S-^ ^"'ii*^^*^ 'hat down- 

t7the rn7' T "TT" ^>'^"^'^8^"<>"« may be ^stricted 
to the LD8 T ceil subpopulahon. 
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Discussion 



THE COMMON CYTOKINE REC-EPTOR y-CHA.N REGULATES CDS T CELL APOPTOS.S 



by which rL-2 prepares CDS* T cell., for AlCD. To do ,o we 

CD« ''T«rT'-1r*'SJ™'^"' AICD mode, using allo^p^il 
CDS TCR-(g T cells We «,en provided evidence that 1L.2 sen- 
s uzes ac„v.,ed CD8- T cells Co apoptosi. by a, leas, ,wo mech- 
^msms; i) by up-regulatjng the cell surface expression of a nro- 
apopto„c molecule, FasL, and 2) by down-regulating the cell 
ur ace exp«ss,on of yc, which i.s critical for .he su^ival a^d 
prohferauon of CDS^ T lymphocytes 

We found that both Fas and TNFR deam pathways contribute to 
U.e apoptosis of activated CD8* T cells. TT,e roles of Fas and 
TNFR, ho„„„ ^^^^^^ temporally. Fas contributed to 
early apoptosis observed within 24 h of TCR engagement, whereas 

^4 h. Although Zheng et al. have shown that TNF-a-TNFR inter 
actions mediate the AICD ofmo.s, CDS* T cells, they also ob- 

and TNremTM'^''™' T""™ °"»» 
and TNFR (1 3). Moreover, Kurts et al. provided evidence that the 

peripheral deletion of autoreactive CDS' T cells induced by self- 
Ags mvolves signaling through Fas (16). These data suggest'tbat 
*e death paUnvay u.,ed by an acUvated T cell depends on U, 
nature and quantitj- of the antigenic .sUmulus (II, 16) We also 
observed that FasL-blocking Abs, TNF-a-neu.raIizing Ah.,, or 
both ft,l to suppress AICD completely in our model, suggesting 
lu Uddmoaal members ofthe TNFR family, for exan,ple TRAMP 
and TRAIL receptor; (31, 32), contribute to the AICD of CDS* T 
cells. Importamly, we found that lL-2 up-regulate.s Fa.sL expres- 
sion on activated CTO* T cells within 24 h of TCR cross-linking 
when^as IL.4. IL.7, and IL-15, which do not pi^mote AICD M 
to do so. Others have shown that IL.2 up.regulate.s TNFR expres- 
»ion on CDS* T cells (30, 33). Taken together, these findings 
.suggest that IL.2 .sensitizes CDS* T cells to AICD by up-regu!!^! 
ing the expre.s.sion of cell surface molecules involved in triggering 
apoptosis. Increa.sed FasL expression alone, however, is not nec- 
essanly sufficient for enhancing T cell apoptosis. Modulating the 
expres.s™ of intracellular molecules that either inhibit or promote 
Fa.s-media,ed apoptosis is also requii^d. These molecules include 
FL Pandlhep«KluctofUiec-mvcpn>tooncogene(l2,34 35) In 
ad<ht,on ,„ enhancing AICD, IL.2.induced up-,^gula,ion of Fa,sL 
on CDS T cells promotes their CTL activity, because FasL-Fas i.s 
an imponam pathway by which CTL kill target cells (36 37) 

Alternatively, 1L.2 could prepare CDS* T cells for AlCD bv 
down-n;gulating the e,xpn=,,sion of surface reccptoi. that promote 
lymphocyte survival and proliferation. A greatly diminished 
amount of CDS* T cells in neonatal and adult gene-knockom 
mice suggests that yc- is required for the development, survival 
and prohfcmtion of these cells (20, 23, 24). We found in this .stud; 
hat 7C-block,ng Abs incn:a.se the proportion of apoptotic cells 
ollowing (he induction of AICD in a CDS* TCR-tg cell popula- 
tion In contntst. Abs that block the a and 0 .subunits of the 1L-2R 

Tf fool ^"-^^ 'he pmpo^ion 

of apopto ic cells m our model by blocking both mitogenic and 

acuvated CDS T cells and prevented the induciion of Bcl-2 an 
anti.apopu,t,c molecule. The latter finding is consistent with the 

"(L' 3rfg^T f"'" "''"^'-^ ^ ^--knockout 
ceiLs (23, 3S, 39). Studies demonstrating increa.sed apoptosis of 
ncuvated T cells in Bcl-2 gene-knockout mice (40), andLse dem- 
onstrating a correlation between low intmcelluiar Bcl-2 concen- 
trations and enhanced su.sceptibility of CTLs to Ag-mediated ap- 

:^gui::orof Ilea' ^"-^ ™ '™ 



JcT^ZK'" If"''' P^lif^-'ioi. of acti- 

vated CDS T cells, we asked m this .study whether yc expression 
«ated by IL-2. We found that exogenou., IL-2'^owi,-re^" 
Idtcs yc expression in vitro and that endogenous IL-2 limits vc 
expression on activated CDS* T cells in vitro and in vivo. Cyto' 
kincs that do not promote AICD (lL-4, IL-7. and lL-15) did no, 

CDS*" Tcin ?";:"n .™"' ■"'^S^^' ">»• >L-2 prepare 
CDS T cells for AICD by limiting the surface expression of yc. 
IL-2 could regulate both transcriptional and post-transcriptioiial 
events responsible for yo production. Ohbo et al. (42) .sliowedlt 

taJnTr "P^"" PO^"'"-" "own- 

stream of the yc promoter region. Alternatively. Noguchi et al 
(43) found that yc is cleaved by calpain following activation of 
murme diymocytes, suggesting that IL.2 may u.se proteolytic path- 
ways to reduce yc expression on T cells. 

bv',t?r' ™" '^^^"•^ lynphopmliferation characterized 

by the accumulation ot activated CD4* and CDS* T cells which 

CDS T cells from adult IL-2 mice display exaggerated yc 
expression, yc expn:s.sion on IL-2 -' - CD4* cells however wis 
not greater than that on IL.2*'* lymphocytes. Thi 

aTdbt k""" "-^-O^' <io^vn-l.gula,ion of ^ i 

a feedback mechanism by which activated CDS* T cells but not 
activated CD4* T cells, arc scn.sitized to apoptosis. In to ^ 
dependent s^nal., may play a crucial rale in the peripheml dcbiL 
of mature CD4* T celLs. because in yc gene-knockout mice these 
cells accumulate over (ime. display activauon markers, have re- 
duced FasL expression, and are resistant to superanUgen-induced 
elimination (20. 23, 46). In contrast, mature CDS* T cells are 
severely diminished in neonatal yc gene-knockout mice and do not 
accumulate over time (20. 24). 

m summary, IL-2 ensures that the expansion of activated CDS * 
T cells IS limited by a, leas, two mcchani.sms; I) by up-regulating 
pro-apoptotic molecule.,, such as FasL, and 2) by down-regulating 
yc^ whic p^vides essential mitogenic and survival si^H 
CDS T lymphocytes. These homeostafic mechanisms may pre- 
vent nonspecific ti.,sue injuiy following persistent vital infecfoas 
nd may play a role .„ the induction of immunologic tolerance to 
ti-aiispl anted organs. 
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Premature death of CDS* T cells activated by hepatocytes 221 



Hepatocytes induce functional activation of naive 
CD8* T lymphocytes but fail to promote survival 

Patrick Bertolino, Marie-Claude TrescoI-BI6mont and Chantal Rabourdin-Combe 

Ecole Normale Sup6rteure de Lyon, UMR 49, Lyon, France 

Intraperitoneal peptide injection of TCR-transgenic mice or expression of antigen in hepato- 
cytes leads to an accumulation in the liver of specific apoptotic CDS* T cells expressing acti- 
vation markers. To determine whether liver cells are capable of directly activating naive CDS* 
T cells, we have studied the ability of purified hepatocytes to activate TCR-transgenic CDS* 
T cells in vitro. We show that hepatocytes which do not express CD80 and CD86 co- 
stimulatory molecules are able to induce activation and effective proliferation of specific 
naive CD8* T cells in the absence of exogenously added cytokines, a property only shared 
by professional antigen-presenting cells (APC). Specific T cell proliferation induced by hepa- 
tocytes was comparable in magnitude to that seen in response to dendritic cells and was 
independent of CO A' T cell help or bystander professional APC co-stimulation. During the 
first 3 days, the same number of divisions was observed in co-cultures of CD8* T cells with 
either hepatocytes or splenocytes. Both APC populations induced expression of early T cell 
activation markers and specific cytotoxic T lymphocyte (CTL) activity. However, in contrast 
to T cells activated by splenocytes, T cells activated by hepatocytes lost their cytolytic func- 
tion after 3 days of co-culture. This correlated with death of activated T cells, suggesting that 
despite efncient activation, proliferation and transient CTL function, T ceNs activated by 
hepatocytes did not survive. Death could be prevented by adding antigen-expressing sple- 
nocytes or exogenous IL-2 to the co-culture, indicating that hepatocytes are not involved in 
direct killing of CDS* T cells but rather fail to promote survival. Dying cells acquired a 
CD8'""TCR'*^B220* phenotype similar to the one described for apoptotic intrahepatic 
■r ceils, suggesting an alternative model to account for the origin of these cells in the liver 

The importance of these findings for the understanding of peripheral tolerance and the ability i 

of liver grafts to be accepted is discussed. Received 21/5.97 

Revised 16/10/97 

Key words: Hepatocyte / CD8* T cell / Apoptosts / Transgenic mouse / Cytotoxic T lymphocyte I ^ccepted 27/10/97 



1 Introduction 

The liver has been shown to be a site where activated 
antigen-specific CD8' T cells undergoing apoptosis 
accumulate following injection of MHC class I -restricted 
TCR transgenic mice with antigenic peptides [1, 2]. 
These apoptotic intrahepatic T cells express lower 
amounts of TCR and CD8 and expressed the B220 epi- 
tope of the CD45 activation marker. Since effective acti- 
vation and proliferation of naive T cells generally require 
interaction of CD28 with the CD80 and CD86 co- 
Stimulatory molecules mostly expressed by dendritic 
cells, macrophages, monocytes and activated B cells, it 
has been proposed that intrahepatic apoptotic CDS* 

[1171351 

Abbreviations: AlCD: Activation-induced ceil death 
CFSE: 5-Carboxyfluorescein diacetate succinimidyl ester 
PI: Propldium iodide 



T cells are initially activated in lymphoid organs by 
peptide-Ioaded hematopoieticaliy derived cells. Acti- 
vated T cells would then migrate to the liver and die 
(1,21 

Our previous results [3] support an alternative to this 
"graveyard" model accounting for the origin of these 
intrahepatic apoptotic T cells. By using bone marrow 
chimeric transgenic mice expressing the alloantigen 
H.2K'' on hepatocytes but not on hematopoieticaliy 
derived APC, we showed that alloreactive CD8' T lym- 
phocytes disappeared from lymphoid organs and mass- 
ively infiltrated the liver. Infiltrating cells were activated, 
proliferated, induced limited hepatic damage and ended 
up dying by apoptosis in the liver [3], These results sug- 
gested that naive CD8* T cells could directly be acti- 
vated locally by hepatocytes without being initially 
primed by professional APC. This was quite unexpected 
since hepatocytes are not known to express CD80 or 
CDS6. 
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To study the ability of hepatocytes to present antigen, we 
established an in vitro system allowing us to investigate 
the interactions between primary hepatocytes and CDS* 
T cells. We show that hepatocytes are capable of induc- 
ing ex vivo activation and proliferation of naive CDB^ 
T cells In the absence of CD4 help or bystander co- 
stimulation provided by professional APC. Hepatocyte- 
stimuiated T cells rapidly acquired CTL function but died 
sooner than those activated by professional APC. This 
premature T cell death was not mediated by a hepato- 
cyte dominant death signal, since it could be prevented 
by adding IL-2 or splenocytes to hepatocyte/T cell co- 
cultures. These data suggest that hepatocytes are able 
to induce full activation of CD8^ T cells but fail to pro- 
mote survival. Furthermore, we show here that dying 
cells activated by hepatocytes acquired a 
B220^ TCR"'"CD8'°^ phenotype similar to that described 
for apoptotic T cells detected in the liver of TCR- 
transgenic mice injected with specific peptides [1, 21. 
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Thus, our results suggest that the dying T cells found In 
the liver of pepttde-injected mice may well have been 
activated directly in the liver by peptide-loaded hepato- 
cytes. Moreover, our findings support a model where the 
liver plays an important role in tolerance induction, which 
could account for the striking ability of liver transplants 
•to be accepted. 



2 Results 

2.1 Hepatocytes induce efficient proliferation of 
CD8* T cells in the absence of exogenously 
added cytokines 

To Study the efficiency of hepatocytes to induce prolifer- 
ation of CDS* T cells, C57BL/6 hepatocytes (H-2^) were 
tested in a proliferation assay for their ability to stimulate 
lymph node T cells from transgenic mice expressing an 



1 20000 n 




1200001 



90000- 



60000' 



P 30000 



1000 10000 
Number of stimulator cells per well 

LK^ cells 
L cells 




1000 lOOOO 100000 

Number of stimulator celts per well 




1000 



D 



120000 -1 



E 90000- 



6O0O0- 



30000- 



lOOOO lOOOOO 1000000 

Number of stimulator cells per well 

PS! 5 K** cells 
P8 1.5 ceils 



1000 10000 100000 

Number of stimuiator cells per well 



r?mnh L^»?"Tr^' ^n" 5P'«"°<=3f««V"'^"'=! P^°«f«'«ion Of Des-TCR' T cells in the absence of exogenously added IL-2. 
Lymph node T cells from Des-TCR mice (2 « 1 0>) were tested for their ability to proliferate after co-culture with different numbers 

ater 60 h S °' " ' '°' "as measured by adding pHlthymidine for 8 h 
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H.2K'*-specirrc TCR (Des-TCR mice). As shown in 
Fig. 1A, H-2K'' hepatocytes were able to Induce prolifer- 
ation of Des-TCR CDS' T cells in the absence of exoge- 
nously added IL-2. Using 2x10=* lymph node cells per 
welt, as few as 2000 hepatocytes were required to elicit 
50% of the proliferation signal, the maximum being 
reached at 5000 cells per well. This response was signifi- 
cantly increased when exogenous IL-2 was added to the 
medium (data not shown). No proliferation could be 
detected in co-cultures of Des-TCR T cells with control 
H-2K'' B10.br hepatocytes. 

As expected, effective proliferation of Des-TCR T cells 
was observed when we used C57BL/6 splenocytes in 
the absence of exogenous IL-2 (Fig. IB). However, the 
mouse mastocytoma P815 and mouse fibroblastic L cell 
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lines expressing high levels of transfected H-2K'' did not 
promote Des-T cell proliferation (Fig. 1C and D). The 
inability of these ceil lines to induce Des-T cell prolifera- 
tion was not due the absence of ceil surface MHC/pep- 
lide complexes, since strong proliferation was observed 
when IL-2 was added to the medium (data not shown). 
These results suggest that hepatocytes possess prolifer- 
ation inducing properties comparable to professional 
ARC of the spleen. 

To determine the possible effects of bystander CD4* 
T cells and/or bystander professional ARC, lymph node 
cells from Des-TCR mice were depleted of CD4*, B and 
adherent cells. Under these conditions, proliferative 
responses reached levels which were comparable to 
those seen with non-purified T cells and which peaked 
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between days 2 and 3 (Fig. 2A). In addition, these 
responses could be totaNy inhibited by adding blocking 
anti-CD8 antibodies to the co-cultures (data not shown). 
These results suggest that the proliferative responses 
were CDS dependent and exclude a possible role for 
CD4* T cell-derived cytokines. They also rule out a con- 
tribution of bystander co-stimulation. CDS* T cells acti- 
vated by saturating amounts of splenocytes or hepato- 
cytes showed comparable levels of proliferation over a 
range of res ponder ceil doses (Fig. 2B). For both types of 
stimulation, detectable proliferative responses were 
observed with as few as 1000 purified responder CDS* 
T cells (Fig. 2B). 

To determine whether similar results would be obtained 
in another experimental model, we used the F5 TCR 
transgenic system. F5 CDS* T cells recognize the 
influenza nucleoprotein peptide in association with H- 
2D'' [4]. H-2D''-expressing hepatocytes were loaded with 
1 ^M NP peptide (see Sect. 4.7) and tested for their abil- 
ity to stimulate purified lymph node F5 CDS' T cells in 
the absence of exogenousiy added IL-2. Results pre- 
sented in Fig. 2C show that effective proliferation was 
induced by hepatocytes in this different antigenic sys- 
tem. Unlike T cell responses seen in the Des-TCR sys- 
tem, F5 CDS proliferation peaked at day 2 and failed to 
incorporate [^HJthymidine at day 3 (Fig. 2C). This could 
be due either to degradation of the NP peptide in vitro or 
to a combination of the amount of MHC/peptide com- 
plexes and TCR affinity. 

We also used the F5 TCR transgenic mice to compare 
hepatocytes to dendritic cells for their ability to induce 
Tcell proliferation. Different numbers of freshly purified 
spleen dendritic cells from either H-2D'' (C57BL/6) or 
control H-2D'' (B10.BR) mice were loaded with 1 [iM 
peptide and used as APC to stimulate purified lymph 
node F5 CDS' T cells. Despite different kinetics, maxi- 
mum proliferation using dendritic cells was comparable 
to that obtained when using hepatocytes (Fig. 2D). Both 
required low numbers of stimulator cells. 

Together these results show that hepatocytes are capa- 
ble of inducing specific CDS* T cell proliferative respon- 
ses independently of CD4* T cell help and bystander co- 
stimulation. In addition, these proliferative responses are 
as effective as those induced by professional APC. 



2.2 Hepatocytes are directly responsible for T 
cell proliferation 

To exclude the contribution of professional liver APC 
contaminants in hepatocyte preparations (mostly Kupffer 
cells and liver dendritic cells), hepatocytes were further 
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purified by depleting H-2A'^*F4/80* cells with magnetic 
beads. Depletion was complete since RNA isolated from 
purified hepatocytes did not yield an H-2A''-MHC class II 
band after reverse transcriptase (RT)-PCR (Fig. 3A). 
When tested in vitro, despite the decrease of the MHC 
class II RT-PCR band, these highly purified hepatocytes 
were as efficient at promoting proliferation of purified 
Des-TCR CDS* cells as non-purified hepatocytes 
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Figure 3. Hepatocytes are directly responsible for the prolif- 
eration of CDS* T cells. C57BL;6 hepatocytes were isolated 
to different grades of purity, just after liver perfusion without 
washes (step 1, lane 2), after the three usual 50 x g washes 
(step 2, lane 3). after step 2 followed by magnetic bead 
depletion of l-Ab' and F4/80* ceils (step 3. lane 4) and after 
step 3 followed by 48 h of adhesion on plates (step 4, lane 
5). (A) RT-PCR corresponding to each step of hepatocyte 
purification. mRNA was prepared from either splenocytes 
(lane 6) or 10* hepatocytes at each step of the purification 
(lanes 2 to 5), reverse transcribed and amplified using oligo- 
nucleotides specific for MHC class II l-A'' or for mouse p- 
actin. (8) Hepatocytes purified from steps 1, 2 and 3 were 
used in a proliferation assay to stimulate 7 x lO" purified 
CDS* lymph node T cells isolated from Des-TCR mice. Pro- 
liferation was measured by adding ('Hlthymidine for 8 h after 
60 h of co-culture. 
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(Fig. 3B). These results suggest that CDS* T cell prolifer- 
ation can be entirely attributed to hepatocytes. 



2.3 Hepatocytes are able to induce the 
proliferation of naive CDS* T cells 
independently of CD28 co-stimulation 

In the Des-TCR transgenic system. 20-25 % of the CDS* 
T cell compartment expressed high levels of Ly6C and 
CD44. These markers correlate with a memory/activated 
phenotype [5, 6]. It is likely that these cells have been 
activated in vivo on environmental antigens through the 
second TCR resulting from the rearrangement of endog- 
enous a chains [7]. To determine v\/hether the naive or 
activated CDS* Tcelt subset responds to hepatocyte 
stimulation, we purified CDS* Des-TCR^ lymph node 
cells and sorted Ly6C* and Ly6C' or CD44"^ and 
CD44'**9^ populations by flow cytometry. We then tested 
their ability to proliferate when co-cultured with C57BL/6 
hepatocytes. As shown in Fig. 4A and B, hepatocytes 
were able to stimulate T cells of the naive phenotype. 
Interestingly, activated CD8^ T cells proliferated poorly 
under the same conditions. This could either be due to 




Figure 4. Hepatocytes Induce efficient proliferation of naive 
CDS* T cells. CDS' lymph node T cells from Des-TCR mice 
(A and B) were negatively selected by magnetic bead deple- 
tion and stained with either ant(-CD44 or anti-Ly6C FITC- 
conjugated mAb. CD44 low and CD44 high (A) or LySC" and 
Ly6C* (B) cells were then sorted by FACS. Celts (10') of each 
population were then tested for their ability to proliferate 
when co-cultured with purified hepatocytes from C57BL76 
mice. (C) Proliferation assay using 2500 purified C57BL/6 
hepatocytes with 5 10* purified CDS* T cells from Des- 
TCR or Des-Ragi -deficient mice. Proliferation was mea- 
sured by adding pHjthymidine for 8 h after 48 h of co- 
culture. 
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the lower avidity of these cells or to an inhibitory effect of 
anti-C044 and anti-Ly6C antibodies. Similar conclusions 
were obtained using purified CDS* lymph node T ceils 
from Des-Rag-1 deficient mice which do not rearrange 
the endogenous a chain (Fig. 4C). 

To investigate whether T cell proliferation induced by 
hepatocytes involves CD28 co-stimulation, purified 
CDS* lymph node T cells from Des-TCR mice were co- 
cultured with C57BL/6 hepatocytes in the presence or 
absence of mCTLA4-lg. A 5-|ig/ml dose of mCTLA4-lg 
was able to completely inhibit the alloresponse of puri- 
fied CDS* T ceils from C57BL/6 mice towards B10.BR 
splenocytes (Fig. 5A). However, proliferative responses 
of CDS* Des-TCR* T cells induced by hepatocytes or 
splenocytes could not be blocked by using even higher 
concentrations of mCTLA4-lg (Fig. 5B). Likewise, no 
inhibition was observed by using anti-B7.1 mAb (data 
not shown). These results suggest, as shown elsewhere 
with high avidity APC/T cell interactions [8], that the pro- 
liferative response of transgenic T cells on both hepato- 
cytes and splenocytes is CD28 independent. As shown 
above, this property did not apply to other cell types 
expressing high levels of antigen, suggesting that, like 
splenocytes, hepatocytes must express other adhesion/ 
co-stimulatory molecules allowing proliferation. One of 
these molecules is probably ICAM-1 . Indeed, anti-ICAM- 
1 and anti-LFA-1 monoclonal antibodies partially inhib- 
ited the proliferative response induced by hepatocytes 
(Fig. 5B) suggesting that a LFA-1/ICAM-1 interaction 
was involved. 

Collectively, these results suggest that, like splenocytes, 
hepatocytes can induce proliferation of naive Des-TCR 
COB' T celts independently of CD28 co-stimulation. 



2.4 CD8* T cells activated by hepatocytes or by 
splenocytes initially undergo the same 
number of divisions 

To investigate whether T cells stimulated by hepatocytes 
or splenocytes undergo the same number of divisions, 
we purified CDS^ T cells from Des-TCR mice and labeled 
them with 5-carboxyfiuoresceln diacetate succinimidyf 
ester (CFSE) before co-culturing T cells with either 
C57BL/6 hepatocytes or splenocytes. CFSE is a fluores- 
cent dye that binds covalently to cytoplasmic molecules. 
This labeling can be detected by FACS as a very sharp 
fluorescent peak whose intensity is halved with each celt 
division [9], By tracking the sequential twofold decreases 
in fluorescence we estimated the number of divisions of 
activated T cells. As shown in Fig. 6, CFSE-labefed 
T cells activated either by hepatocytes or splenocytes 
undergo the same number of divisions during the first 
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Figure 5. Hepatocyte-lnduced proliferation is CD28 independent, (A) As a positive control of inhibition. mCTLA4-lg is able to 
inhibit most of a CD8* altoresponse. Purified CDS* lymph node cells (10^) from C57BL/6 mice were co-cultured with 5x10^ 
B1 O.BR splenocytes in the absence or in the presence of 5 jig/ml of mCTLA4-lg. Proliferative responses were measured al differ- 
ent times by adding ['H]thymidine for 8 h. (B) C57BL/6 hepatocytes (5 > 10' per well) or C57BL/6 splenocytes (1.25 x 10^ per 
well) were preincubated for 3 h with different concentrations (in ng/ml) of either the mCTLA4~lg reagent or anti-ICAM-1 and anti- 
LFA-1 purified mAb and co-cultured for 48 h with 7 x 10' of purified CDS' lymph node T cells from Des-TCR mice. Proliferation 
was measured by adding pHJthymidine for 8 h. 



66 h. After 18h of co-culture, some cells started ex- 
pressing CD25, CD44 and CD69 early activation markers 
before dividing (data not shown). By 42 h of co-culture, 
ail cells expressed these early activation markers {data 
not shown) and three divisions could be detected 
(Fig. 6). Finally, at the latest time point (66 h), some cells 
had already reached six divisions in both co-cultures 
(Fig. 6). It is interesting to note that as suggested by thy- 
midine incorporation assays (Fig. 2), proliferation of 
T cells induced by hepatocytes seemed to occur slightly 
more rapidly than proliferation induced by splenocytes. 
This is also reflected by the down-regulation of early 
activation markers that occurs after 66 h of hepatocyte 
co-culture while T cells stimulated with splenocytes are 
still expressing these markers (data not shown). 

These results suggest that CD8^ T cells activated by 
splenocytes or hepatocytes undergo the same number 
of divisions and up-regulate the same early activation 
markers. 



2.5 CDS* T cells activated by hepatocytes 
acquire transient CTL activity 

Since hepatocytes and professional ARC of the spleen 
share similar ARC properties for the induction of naive 
T celt proliferation, we next investigated whether they 



could both induce CTL activity Des-TCR T cells were 
CO -cultured with C57BL/6 hepatocytes or splenocytes 
and tested after 2 or 3 days for their ability to lyse H-2K^* 
target cells. After 2 days, T cells activated with splenocy- 
tes were able to lyse P81 S-K** specifically (Fig. 7). Slightly 
less potent CTL were also generated following activation 
with hepatocytes. However, after 3 days of co-culture, 
viable T cells activated by hepatocytes were no longer 
capable of lysing specific targets while T cells stimulated 
by splenocytes retained CTL function (Fig. 7). CTL func- 
tion required activation since freshly isolated lymph node 
Des-TCR T cells were not able to lyse P815-K^ target 
cells (Fig. 7). These data show that T cells activated by 
hepatocytes proliferate and acquire CTL function, thus 
suggesting that they were not anergic during the early 
phase of the response. However although hepatocyte- 
activated T cells continue to protiferate, they become 
unresponsive at a later stage of this response. We 
observed that toss of cytolytic function in proliferating 
viable T cells activated by hepatocytes correlated with 
the appearance of dead cells in hepatocyte co-cultures 
at 66 h. We therefore investigated the fate of unrespon- 
sive T lymphocytes 66 h after activation by hepatocytes. 
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Figure 6. Number of divisions of C DB^ T cells activated by hepatocytes or splenocytes. Purified CD8^ T cells from Des-TCR mice 
were labeled withCFSEand added to 24 -well plate tissue culture wells (5 x 10*T cells/per well) containing eitherS x 10^C57BL/ 
6 hepatocytes or 2 x 10° C57BL/6 splenocytes. Cells were harvested at different time points and analyzed by fiow cytometrv for 
CFSE labeling by gating on CFSE" PI" cells. j j j y 
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Figure 7. CTL activity of T cells stimulated by hepatocytes or splenocytes over time. Purified CDB^ T cells were co-cuftured for 
2 or 3 days with either C57BL/6 hepatocytes and splenocytes in 24-well plates as described in the legend to Fiq. 6 Viable cells 
were Ficotl-purified and tested for their ability to lyse P81 5-K*' or control P81 5 target cells. CTL activity of non-activated T ceils 
{freshly isolated from Des-TCR mice) towards P81 5 and P815-K^ target cells was also measured as a control (left panel) 
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2.6 CD8* T cells stimulated by hepatocytes die 
while proliferating 

To investigate the fate of T cells activated by hepato- 
cytes, we co-cultured 0576176 hepatocytes or spleno- 
cytes with puriHed and CFSE-labeled CD8" T cells from 
Des-TCR mice for up to 90 h. We counted the total num- 
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Figure 8. T ceils activated by hepatocytes die prematurely. 
CD8^ T cells were purified by magnetic bead depletion, 
labeled with CFSE and co-cultured with 0578176 hepato- 
cytes or splenocytes as described in the legend to Fig. 6. At 
different time points, cells were harvested, PMabeled and 
analyzed by FACS. (A) Kinetics of the total number of CFSE* 
cells and viable CFSE* celts estimated by FACS analysis in 
splenocyte and hepatocyte co-cultures at different times. 
Viability was determined using PI exclusion. Each time point 
represents the mean value from three independent cultures. 
(B) Expression of CDS, Des-TCR and B220 cell surface 
markers in CFSE* PI' (viable CDS* T cells, thin line) and 
CFSE*Pr (dead CD8* T cells, full line) cells activated for 
66 h with hepatocytes. CFSE levels were equivalent in both 
viable and apoptotic cells (upper left paneO. 
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ber of specific T cells generated from each co-culture at 
different time points by estimating the total number of 
CFSE* (dead and viable) cells in each well. As shown in 
Fig. 8A, the total number of CFSE* spjenocyte- 
stimulated T cells increased regularly over the course of 
the assay while the number of hepatocyte-stimulated 
T cells reached a plateau after 66 h In culture. As asses- 
sed by PI exclusion, the latter was due to T cell death as 
opposed to a block in ceil division (Fig. 8A). A fraction of 
the T cells activated by hepatocytes started dying after 
42 h, but viable cells continued dividing as previously 
demonstrated by CFSE labeling (Fig. 6). CFSE labeling 
on dead cells also revealed that T cells died irrespec- 
tively of the number of divisions (Fig. 8B). T cells died by 
apoptosis since they expressed phosphatidylserine on 
their outer membrane, as shown by annexin V binding 
(data not shown). Interestingly, we observed that dying 
cells expressed tower levels of both CD8 and transgenic 
Des-TCR than viable cells and induced high levels of the 
CD45 molecule 8220 epitope (Fig. 88) usually expressed 
by B ceils but also reported to be a marker of intrahe- 
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Figure 9. Premature death of CDS* T cells co-cultured with 
hepatocytes Is not due to depletion of nutrients or to a domi- 
nant death signal provided by hepatocytes. Purified lymph 
node CDS* T cells (5 x 1Q^) from Des-TCR mice were co- 
cultured for 4 days with the different cell populations indi- 
cated in the figure. Viability was estimated by PI exclusion 
on flow cytometry by gating on CDS* Des-TCR' cells. Each 
histogram represents the mean value from three indepen- 
dent cultures. 
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patic apoptotic CDS' T cells [1]. This staining was spe- 
cific since no staining was observed by using an isotype 
matched control antibody (data not shown). Tcell death 
induced by hepatocytes was prevented for at least 4 
days by adding exogenous IL-2 or stimulating H-2K''' 
splenocytes (Fig. 9). CD8* T cells could also survive 
when they were co-cultured with non-stimulating H-2K''' 
hepatocytes and stimulating splenocytes (Fig. 9). 

These results indicate that premature T cell death is not 
due to exhaustion of nutrients by hepatocytes and is not 
induced by a hepatocyte dominant death signal. 

Collectively, these results suggest that hepatocytes and 
splenocytes initially generate similar numbers of acti- 
vated CDS* T lymphocytes, but that many of the progeny 
of T cells stimulated by hepatocytes die prematurely of 
apoptosis. 

3 Discussion 

By using CDS" T cells isolated from TCR transgenic mice 
we have shown that hepatocytes possess the ability to 
induce effective ex vivo activation and proliferation of 
naive CDS* T cells. However this activation fails to pro- 
mote long-term survival. Similar results were observed in 
two different MHC class l-restricted TCR transgenic 
mice, one expressing a TCR alloreactive against H-2K^ 
the other reactive to a viral peptide presented by H-2D'', 
thus generalizing our observations of hepatocyte/CDS^ 
T cells interactions. The observation that hepatocytes 
induce efficient activation, proliferation of naive CDS* 
T cells and transient cytotoxic activity in vitro before 
dying appears to reflect a physiological situation. Using 
transgenic bone marrow chimeras expressing H-2K'* 
molecule on hepatocytes, we have previously shown 
that recent thymic CDS" migrants expressing the Des- 
TCR infiltrate the liver [3|. In addition, CDS' Des-TCR' 
cells present in the liver lobules are activated, proliferate 
and cause some liver damage before dying by apopto- 
sis. 

Several arguments indicate that Tcell proliferation is 
induced by hepatocytes and not by the few contaminant 
professional ARC contained in our preparation (Kupffer 
cells or liver dendritic cells): (i) equivalent numbers of 
hepatocytes and dendritic cells were required to elicit the 
same proliferative response, fti) highly purified hepato- 
cyte populations which did not contain MHC class ir 
cells were still able to induce the same level of prolifera- 
tion, (iii) hepatocytes were able to induce tyrosine phos- 
phorylation of a number of cellular proteins and induced 
increases in intracellular calcium concentrations in a cell- 
cell assay (R Dubois and R Bertolino, unpublished data), 
(iv) the fate of T ceils activated by hepatocytes was dif- 



ferent from that of T cells activated by splenocytes. Fur- 
thermore, by using highly purified CDS* T cells in our 
assay we excluded a possible role for CD4*-derived 
cytokines as well as bystander co-stimulation provided 
by activated B cells, dendritic cells or macrophages as 
described in other systems [10, 11]. 

The ability to induce sustained proliferation of naive 
T cells in the absence of exogenously added IL-2 is 
thought to be unique to ARC able to provide co- 
stimulation. One of the most effective co- stimulatory 
pathway involves the CD28 molecule which interacts 
with its natural ARC ligands CD80 and CD86. CD28 co- 
stimulation has been shown to act synergistically with 
the signals provided by the TCR [12-14]. It promotes 
efficient Tcell activation and proliferation and it in- 
creases IL-2 production by regulating both transcription 
of the IL-2 gene and stability of IL-2 mRNA [1 3, 1 5-1 71. 

Unlike professional ARC, hepatocytes do not express 
CD80 or CD86 molecules as shown by flow cytometry 
(data not shown). Furthermore, we showed that T cell 
proliferation induced by hepatocytes was not inhibited in 
the presence of mCTLA4-lg, suggesting that it was inde- 
pendent of CD28 co-stimulation. T cell responses in the 
absence of CD28 co-stimulation on non-professional 
ARC were shown to require high antigen doses and/or 
high avidity TCR [8, 18, 191, Hepatocytes expressed 
lower densities of cell surface H-2K'' molecules than 
C57BL/6 splenocytes as assessed by flow cytometry 
(approximately 15 times less, data not shown), suggest- 
ing that we are not working in a high antigen dose range. 
It is probable that the transgenic TCR is a high affinity 
receptor. However, this alone cannot explain the ability of 
hepatocytes to induce effective proliferation, since under 
similar conditions CD8* T cells expressing the same TCR 
proliferated poorly fallowing activation by RSIS-K*" or L- 
K" cells which express higher densities of H-2K'' molecu- 
les on their surface (similar to the density detected on 
splenocytes, data not shown). This suggests that hepa- 
tocytes can induce effective proliferation in the absence 
of CD28 co-stimulation despite low MHC expression and 
a TCR avidity that is uneffective when using other H-2K^* 
celts. This property is only shared by professional ARC of 
the spleen as shown in CD28"'" mice and use of 
mCTLA4-lg in CDS responses (this report and [8, 20, 21]. 
It has been shown that CD8^ T cells from CD28"'* mice 
can clear some viruses, but this response was restricted 
to viruses such as LCMV, which replicate widely and for 
a long period of time before being cleared [20, 22, 23). 
These results did not apply to less virulent viruses, sug- 
gesting that activation in the absence of CD28 co- 
stimulation requires continuous triggering of the TCR 
with prolonged antigen exposure [20], in this context, it is 
therefore possible that due to their very large size and flat 
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adherent shape, hepatocytes have physical properties 
that favor permanent interaction of MHC/peptide com- 
plexes with TCR molecules. It is also possible that in the 
absence of CD28 co-stimulation, adhesion molecules 
expressed by hepatocytes provide substitute co- 
stimulatory signals thus promoting effective proliferation. 
Interaction between LFA-1 and tCAM-1 molecules has 
been shown to be important for Inducing T cell prolifera- 
tion in the absence of CD28/B7 interaction [24]. In sup- 
port of this model, we were able to partially inhibit 
hepatocyte-mediated proliferation using anti-LFA-1 or 
antt-ICAM-1 antibodies. This would suggest that hepato- 
cytes induce proliferation of CD8* T cells through a sig- 
nal involving the TCR, LFA-1 and other co-stimulatory or 
adhesion molecules. Despite the lack of CD28 co- 
stimulation, T cells activated by hepatocytes induce 
CD25 expression and appear to produce significant 
amounts of IL-2 during the early phase of the response 
(data not shown). This suggests that an interaction of 
IL-2 with its receptor could occur and play a role in the 
proliferative response induced by hepatocytes. 

Despite the fact that T cells activated by hepatocytes or 
splenocytes underwent the same number of divisions, 
became functional and expressed the same early activa- 
tion markers during the first 66 h of co-culture, their fates 
were different. T cells activated by hepatocytes eventu- 
ally die in culture, irrespective of the number of divisions. 
Engagement of death mechanisms is most probably 
responsible for the loss of CTL activity after 66 h of co- 
culture. Activation-induced eel! death (AlCD) of T cells 
seems to be a general but late mechanism which partici- 
pates in maintaining homeostasis of the T cell pool after 
an immune response. AlCD of CD4" T cells has been 
observed after activation and proliferation in response to 
superantlgens [25] or specific antigens (26] and is medi- 
ated by Fas. AlCD of CDS* T cells has also been reported 
[27, 28]. However, unlike CD4^ T cells, AlCD of CD8* 
T cells seems to be mediated by the p75 TNF receptor 
rather than by Fas [29]. In both cases, AlCD seems to be 
a late phenomenon that occurs after T cell activation by 
professional ARC expressing CD80 and CD86 [26, 27], 
Since T cell death mediated by hepatocytes occurs 
much sooner than that seen in splenocyte co-cultures, it 
is likely that the mechanisms involved in the induction of 
the "classical" AlCD induced by professional ARC and 
those involved in the premature T celt death induced by 
hepatocytes are different. Although they are unknown, 
the signaling events inducing hepatocyte-mediated 
T cell death do not seem to be triggered by dominant 
death signals like Fas ligand, TNFR or other death mole- 
cules since CD8' T cells co-cultured with stimulating 
hepatocytes and splenocytes survived as well as T cells 
co-cultured only with splenocytes. 
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Therefore, premature death induced by hepatocytes 
more probably results from the lack of expression of a 
survival signal. CD28 co-stimulation, as well as signal 
transduction through the IL-2Ry chain, which belongs to 
several cytokine receptors, including IL-2, IL-4, IL-7 and 
IL-15. do indeed induce bcl-x^ and/or bcl'2 survival 
genes [30-32], accounting for the important role of these 
cytokines in sustaining T cell responses. CD8" T cells 
from both CD28''- or CD28''^ mice have been shown to 
proliferate effectively at early time points in vitro and 
exhibit CTL activity [20]. However, proliferative respon- 
ses of CDS* T cells activated in the absence of CD28 co- 
stimulatory signals peak earlier [8, 18, 21], do not induce 
the bcl-Xi survival gene and die prematurely [21]. Similar 
observations have been reported for naive CD4* T cells 
[26]. We showed here that T cell proliferative responses 
induced by hepatocytes peaked earlier than proliferative 
responses induced by splenocytes or dendritic cells. We 
therefore favor the possibility that despite receiving the 
signals required for effective initial proliferation and cyto- 
toxic function, T ceils activated by hepatocytes die pre- 
maturely because they fail to receive the CD28 co-signal 
mediating the expression of survival genes and/or to 
promote efficient and sustained IL-2 production. Our 
results and the observations reported in the CD28-'' sys- 
tem suggest that activation/proliferation and survival of 
T cells are distinct mechanisms which can be dissoci- 
ated. In this context, hepatocytes may provide an alter- 
native and perhaps more physiological system for inves- 
tigating these mechanisms. 

This study suggests that hepatocytes behave like a new 
type of ARC. Like classical "professional ARC", they are 
capable of inducing T cell activation, proliferation and 
cytolytic activity. However, unlike professional ARC, the 
premature T cell death due to activation by hepatocytes 
would result in tolerance instead of immunological mem- 
ory. This ARC property of hepatocytes could play a major 
role in inducing peripheral tolerance by deleting autore- 
active CD8* T cells circulating through the liver. The 
anatomy of the liver is compatible with this hypothesis. 
Indeed, unlike most organs that possess an endothelial 
barrier impeding CDS' Tcell access to organs unless 
activated, the liver possesses a unique fenestrated 
endothelium that allows blood cells to enter the sinu- 
soids and contact hepatocytes [33-36]. Naive CD8* 
T cells could, therefore, have easy access to hepato- 
cytes, and if they are autoreactive, could be tolerized. In 
agreement with this hypothesis, we previously showed 
that new Des-TCR* CD8* thymic emigrants produced in 
chimeric transgenic mice expressing H-2K'' on hepato- 
cytes but not on hematopoietic cells infiltrated the liver, 
proliferated but were eventually deleted [3]. Moreover, 
these mice were tolerant to H-2K'' since they were 
unable to reject skin grafts expressing this antigen (R 
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Bertolino and W. Heath, unpublished data). It would be 
interesting to know whether such toierizing properties 
are restricted to hepatocytes or whether they can also be 
observed in primary cells from other tissues like the 
kidney and pancreas that have extremely effective vas- 
cular barriers precluding T cell access [35]. 

Our results could also account for the presence of apop- 
totic CD8* T celis in the liver of MHC class l-restricted 
TCR transgenic mice injected with peptides [1, 2], Unlike 
peripheral CD4* and CD8* T cells these intrahepatic 
CDS* T celfs were shown to express the B220 epitope of 
the CD45 molecule and down -regulated cell surface 
levels of both CD8 and TCR [1]. From these results, It 
was proposed that T cells activated in the periphery on 
peptide-loaded professional ARC and undergoing apop- 
tosis acquired a B220^CD8'*"^TCR'*^ phenotype and 
migrated to the liver to be eliminated [1). Our results sup- 
port an alternative model where intrahepatic CDS' T cells 
have been initially activated in situ by peptide-loaded 
hepatocytes. Inducing their proliferation and their death 
in the liver. It is interesting to note that dying CD8* T cells 
stimulated by hepatocytes were also 8220' CDS'*** TCR' 
This phenotype does not seem to be restricted to 
intrahepatic apoptotic T cells, but rather appears to be a 
general feature of T cells undergoing apoptosis. Indeed. 
T celis activated by superantigen in vivo, especially 
those with a low forward scatter profile characteristic of 
apoptotic cells, were also shown to express the 8220 
epitope and reduced amounts of TCR (37). In our sys- 
tem, we observed similarly that Pr CD8' T cells (those 
with a low forward scatter profile) activated in vitro by 
splenocytes were B220^CD8'"«TCR'°*.' 

We suggest that by deleting harmful autoreactive C08' 
T cells, hepatocytes could be the main tolerogenic cells 
involved in the striking ability of liver transplants to be 
accepted. Indeed, the transplantation of most organs 
between individuals of a species usually results in rejec- 
tion of the graft unless the donor and the recipient 
express the same MHC molecules. Liver transplants 
appear to be the only exceptions to this rule, since they 
are rarely rejected, even If the recipient is not MHC com- 
patible [38], Moreover, grafting a liver between allo-MHC 
individuals induces specific tolerance to other trans- 
plants that would otherwise be rejected [39]. How this 
tolerance is achieved remains poorly understood. Chi- 
merism of recipient tissues with donor hematopoietic 
cells (also called "passenger leukocytes") is often corre- 
lated with graft acceptance (40, 41]. The current model 
to explain the unique ability of liver transplants to induce 
tolerance is that due to Its large size, the liver contains 
high numbers of passenger leukocytes and/or its pro- 
genitors [40]. These hematopoietic cells would migrate 
to the host thymus and lymphoid organs and establish 



long-term tolerance by deleting alloreactive CDS* T lym- 
phocytes [42], Although chimerism is often observed in 
transplanted recipients, it is not known whether It is the 
cause or a consequence of tolerance [40]. Our results 
suggest that by deleting alloreactive CDS* T cells, hepa- 
tocytes could contribute to the induction of tolerance. 

In conclusion, our results provide the first evidence that 
hepatocytes can induce full activation of T cells leading 
to death instead of survival. This property of hepatocytes 
could play a major role In establishing peripheral toler- 
ance and acceptance of liver transplants. 



4 Materials and methods 
4.1 Mice 

Transgenic mice, 81 O.BR {H-2'') and C57BL/6 mice 
were bred at the Ecole Normale Sup6rieure de Lyon, "Des- 
TCR" -transgenic mice expressing a K^-specific TCR [43] 
Identifiable by a clonotypic antibody, "Desire" [44], were 
kindly provided by Drs, B. Arnold, G. SchOnrich and G. J. 
Hammerling (German Cancer Research Center. Heidelberg, 
Germany). The Des-TCR tine was Inbred by mating with 
B10.br mice and the progeny screened by flow cytometry. 
Rag- 1 -deficient Des-TCR mice were kindly provided by Dr. 
William Heath (The Walter and Eliza Hall Institute of Medical 
Research, Melbourne, Australia) and inbred in germ-free 
conditions in our antma! facilities. F5 transgenic mice ex- 
pressing a TCR specific for the peptide 366-374 of influenza 
vinjs nucleoprotein [4] were a kind gift of Dr. Dimltri Kioussis 
to Maria Pihigren who provided mice from her colony estab- 
lished at the ENS animal house. 



4.2 Cell lines and cell culture 

The L-K^ and P815-K'' cell lines were grown in DMEM culture 
medium (Life Technologies, France) supplemented with 
2 mM L-glutamlne (Life Technologies, France), 40 ng/ml 
gentamycin (Life Technologies), 6% FCS (TechGen, France), 
10 mM Hepes and 50 (iM 2-mercaptoethanol at 37 'C and 
7 % CO2. 

All proliferation assays were done in RPMI 1629 culture 
medium supplemented with 2 mM L-glutamine (Life Techno- 
logies) 40ng/ml gentamycin (Life Technologies), 6% FCS 
(TechGen), 10 mM Hepes and 50 |iM 2-mercaptoethanol. 
Assays were performed in 96-weil flatbottom plates at 37 X 
and 7 % CO2. This medium will subsequently be referred to 
as RPMI 1629/10% FSC. 
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4.3 Ceil preparation 

Lymph nodes and spleen were removed and transferred into 
supplemented DMEM containing 6% FCS, and cell suspen- 
sions were made by pressing the tissue through a wire mesh 
and washing twice with cold balanced salt solution (BSS). 
Hepatocytes were isolated according to a modification of 
the classic procedure described by Seglen et al. [45). Livers 
were retrogradely perfused via the inferior vena cava using 
Hanks' BSS (HBSS) without calcium and magnesium, and 
with the same medium containing 0.5 mM EDTA. EDTA was 
flushed out using HBSS medium without calcium and mag- 
nesium. Hepatocytes were released by continuing the perfu- 
sion with HBSS without magnesium containing 5 mM CaCb 
and 0.05% collagenase IV {Sigma, St. Louis, MO; ref. C- 
5138). The reticular endothelial system was removed. The 
cells were washed four times by 50 x g centrifugation and 
counted. 



4.4 Antibodies 

For flow cytometry stainings, we used anti- mouse CDS 
(YTS 169, f46j) coupled to FITC, anti-TCR clonotypic Desir6 
([44], kindly provided by Dr. A. M. Schmitt-Verhulst, Marseille 
Luminy), anti-mouse CD44 (IM7.81, [47)), anti-mouse CD25 
(CL8925B, Cedarlane Laboratories) and anti-mouse CD69 
{HI.2F3, Pharmingen, San Diego. CA) biotlnylated mAb, 
Streptavidin-PE were purchased from Caltag Labs, anti- 
B220-PE (RA36B2} from Sigma, FITC-labeled antl-H-2A'' 
(25-9-17) from Pharmingen (San Diego, CA). The antt- mouse 
CD! 1c (N418) coupled to FITC was kindly provided by Dr. 
Muriel Moser. The blocking mCTLA4-lg chimeric protein [48] 
was a kind gift from Dr. Peter Lane. The anti-ICAM-1 (YN1/ 
1.7, [49]) and anti-LFA-i (FD441.8, [50]) mAb were purified 
on G protein coupled to Sepharose beads. For magnetic 
bead depletion, we used hybridomas supernatants produc- 
ing anti-mouse CD4 (GK1.5, [51]), anti-B220 (RA36B2, [52B, 
macrophage-speciftc anti-F4/80 {F4/80, [53]) and anti-H-2A'' 
(M5/114, [54]) mAb. To sort activated and naive CDS* Des- 
TCR* T ceils by FACS we used anti-mouse CD44 (IM7.81, 
[47]) or anti-Ly6C {143.4.2, [6]) coupled to FITC. 



4.5 Purification of spleen dendritic cells 

Spleen dendritic cells were purified according to the clas- 
sical technique described by Metlay et al. (55). Briefly, 
spleens from ten C57BL/6 or B10.BR control mice were per- 
fused with HBSS medium without calcium and magnesium 
containing 100 U/ml collagenase D. The perfusate was col- 
lected and perfused spleens were further incubated for 
15 min at 37 'C with HBSS medium containing 400 U/ml of 
collagenase D. Digested spleens were then passed through 
1 00-^i4T( wire mesh sieves and the cell suspension added to 
the perfusate. Cells were washed with supplemented DMEM 
medium and the pellet resuspended In 5 ml of BSA. The cell 
preparation containing mostly macrophages and dendritic 



cells was centrifuged for 20 min at 7500 rpm and 4 'C and 
the interphase collected. These cells were washed and 
incubated for 2 h in petri dishes at 37 'C in fresh medium. 
Petri dishes were then washed extensively to remove all 
nonadherent cells, refilled with fresh medium and incubated 
for 18 h at 37 "C to allow dendritic cells to detach from the 
plastic. Nonadherent cells containing mostly dendritic cells 
were then collected and counted. The cells collected by this 
technique were mostly dendritic cells since 90% of them 
were MHC class ir and N4ia* cells as checked by flow 
cytometry analysis. 



4.6 Magnetic bead depletion 

Lymph node CDS* T cells were purified by magnetic beads 
using a negative selection strategy. Briefly, lymph node cells 
isolated as described above were incubated for 2 h at 37 °C 
and 7% COj in RPMI 1629/10% FCS medium in petri 
dishes to remove adherent cells. Nonadherent cells were 
then carefully harvested and incubated for 30 min at 4 "C 
with a mixture of supernatants containing anti-mouse CD4 
(GK1.5) and antl-B220 (RA35B2) mAb. Cells were washed 
three times and incubated for 30 min at 4 X with magnetic 
beads coupled with goat anti-rat IgG (H & L) (Biomag®, 
PerSeptive Diagnostics, GB) at a ratio often beads per cell. 
Cells attached to the beads were removed by a magnet and 
were washed once before being added to the plate. The cell 
preparation obtained using this protocol contains usually 
high and reproducible yields of CD8^ cells (between 90% 
and 98%) as checked by flow cytometry analysis. The same 
depletion protocol was used to remove H-2A''' and F4/S0' 
T cells from the hepatocyte preparation but the celts were 
incubated with supernatants containing anti-H-2A^ (M5.1 14) 
and anti-F4/80 {F4/80) mAb instead of anti-CD4 and anti- 
B220 mAb. 



4.7 Peptide and peptide loading protocol 

The peptide recognized by the F5 transgenic TCR Is the A/ 
N/T/60/68 influenza virus nucleoprotein peptide Ala-Ser- 
Asn-Glu-Asn-Met-Asp-Ala-Met [NP-(366-374)l. The 
synthetic peptide (purchased from Neosystems Laboratoire) 
was dissolved in PBS. 

To load hepatocytes with different concentrations of pep- 
tide, hepatocytes were prepared and incubated overnight in 
96- well flat-bottom plates in RPMI 1629/10% FCS. Adher- 
ent hepatocytes were then incubated for 3-4 h with the 
appropriate concentration of peptide in the same medium 
and washed three times in the plate to remove peptide con- 
tained in the supernatant. Purified CDS' T cells from F5 mice 
were added just after the last wash. 



Eur. J. Immunol. 1998. 28: 22^ -236 

To load dendritic celts and splenocytes, a similar loading 
protocol was used, except that splenocytes were iso- 
lated the same day they are loaded and that peptide incuba- 
tion and washes were performed in tubes rather than plates. 
Cells were then counted and added to 96-welI flat-bottom 
plates before adding the T cells. 



4.8 CFSE labeling 

CFSE was purchased from Molecular Probes {Interchim. 
France) and used to label cells as described elsewhere (9]. 
CDS- T cells (10" to 5 x 10' per ml) isolated from lymph 
nodes of Des-TCR mice were purified by negative selection 
with magnetic beads as described above. For CFSE stain- 
ing, purified CD8" T cells were incubated for 10 min at 37 "C 
with lOjiM of CFSE in RPMI 1629/10% FCS. Cells were 
washed twice before co-cuituring them with hepatocytes or 
splenocytes. 



4.9 Flow cytometry 

Cells (10^ per sample) were stained first with biotin-coupled 
antibodies for 40 min in plates. After three washes, cells 
were stained with streptavidin-PE and FITC-conjugated 
antibodies for a further 40 min, washed three Umes, and 
analyzed. PI was also added at 1 ng/ml to exclude dead 
cells. All incubations above were performed on ice in the 
dark. Analysis was performed on a FACScan® (Becton 
Dickinson and Co.). Live gates were set on lymphocytes by 
forward and side scatter profiles and 10* Pl-negative cells 
were analyzed. 



4.10 Proliferation assay 

Purified CD8* lymph node responder cells from Des-TCR or 
F5 mice (5x10'* to 10^) were incubated in RPM1 1629/10% 
FCS with different concentrations of stimulator cells for 60 h 
at 37 "C in 96-welf plates. Before adding them to culture, 
dendritic cells and splenocytes were irradiated at 1500 rad, 
whereas U L-K^ P815 and P815-K' cells were irradiated at 
10000 rad. Since irradiation has no effect on the ability of 
hepatocytes to induce proliferation of CDS* T cells, all the 
experiments shown in this study was performed with non- 
irradiated hepatocytes. Hepatocytes were purified the day 
before as described above and incubated overnight in the 
plates before adding the T cells. Proliferation was measured 
by adding 10 liCi of [^HJthymidine in each well and thymi- 
dine incorporation was allowed to proceed for 8 h at 37 X. 
Insoluble material was harvested and counted. 



4.11 Cytotoxic assay 
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plates with either 2 x lO** 1500-rad irradiated CS7BL/6 sple- 
nocytes or 5 X 10* C57BL/6 adherent hepatocytes. Hepato- 
cytes were purified the day before as described above and 
incubated overnight in 24-well plates before adding the 
T cells. After 2 or 3 days of co-culture, effector cells were 
purified over FIcofI, and seeded onto 96-well round-bottom 
plates. Target cells (10' P815 and PSIS-K" cells) were incu- 
bated with 50 (iCi of Cr for 1 h at 37 X. Target cells (3000/ 
well) were added to the different concentrations of effector 
cells and incubated for 4 h at 37 X. Assays were done In 
duplicates. Counting was done with Microbeta Trilux (Wal- 
lac). 



4.12 RNA purification 

RNA for PCR was prepared from 10* hepatocytes depleted 
or non-depleted of l-A"' and F4/80^ cells. Cells were pelleted 
and treated with 800 n\ of RNA Now (BioGentex Inc.). Sam- 
ples received 400 \i\ chloroform and were centnfuged for 
15 min at 10000 rpm and 4 X. The upper phase was then 
mixed with 400 nl of isopropanol and 10 ng of glycogen, 
centrifuged for 10 min at 10000 rpm. The pellet containing 
RNA was washed once with ethanol and air dried. 



4.13 Reverse transcription and cDNA amplification 

RNA samples were transcribed with reverse transcriptase 
and cDNA were amplined by PCR in 100 fil, using the Gene- 
AMP RNA PCR kit (Perkin-Elmer Cetus Instruments, Nor- 
walk, CT), according to the manufacturer's recommenda- 
tions. Ampfliciations were performed in the GeneAmp PCR 
System 9600 thermalcycler (Perkin Elmer, Cetus Instru- 
ments) under the following conditions: 94 X. 3 min; 40 cy- 
cles of 94 X. 1 min; 55 X, 2 min; 72 X, 3 min; 72 X. 
10 min. PCR products were examined by ethidium bromide 
staining after electrophoresis. 



4.14 Primers 

PCR were primed with oligonucleotides specific for H- 
2A'* p chain and mouse p-actin cDNA. H-2A'' p chain- 
specific primers were H-2A'' p 7081 complementary to 
residues 7081-7100 in exon 4 (5*-TGACTCC- 
TGTGACGGATGAA-3') and sense-strand primer H-2A'' 
P 6636, corresponding to residues 6638-5655 in exon 3 
(5'-ACACCTGTCACGTGGAGCAT-3') |56]. Mouse p- 
actin specific primers were p actin 1563 complementary 
to residues 1563-1586 in exon (5'-GCTTTTGGG- 
AGGGTGAGGGACTTC-3') and sense-strand primer p 
actin 692, corresponding to residues 692-715 in exon 
(5 ' -TGAGAGGGAAATCGTGCGTGACAT-3 '). 



PuriRed CDS* lymph node cells from Des-TCR mice (5 x 10^) 
were co-cultured in RPM1 1629/10% FCS at 37 X in 24 well 
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In this report, we describe a 43- to 50-kDa protein, which may function as a costimulatory 
molecule for full activation of human T cells. This Ag, defined by a mouse monoclonal antibody 
(mAb) anti-4F9, is primarily distributed on "helper/inducer" or "memory" CD4^CD45R0* subset. 
Like mAbs against many other accessory/costiraulatory molecules, coimmobilization of anti-4F9 
with anti-CD3 resulted in synergistic T cell proliferation. In addition, immobilized anti-4F9 on 
plastic plates induced T cell spreading characterized by the development of prominent dendritic 
processes. A cDNA encoding the 4F9 Ag was isolated from a cDNA library constructed from 
PHA/PMA-activated T cells using a COS cell expression system. The sequence of the cDNA and 
a homology search revealed that the 4F9 Ag was identical to R2, a molecule recently cloned by 
subtractive hybridization. The 4F9/R2 Ag belongs to a newly identified supetgene family (tetra 
spans transmembrane protein family) characterized by four putative transmembrane domains 
which are highly conserved between the members of this family. Based upon the phenotypical 
and functional studies described here, we propose that the 4F9 Ag is an integral membrane protein 
which can transmit signals involved in T cell proliferation and adhesion. The preferential distn- 
bution of this molecule on the CD4^CD45R0^ subset of T cells may contribute to the distinct 
activation profile and functional repertoire of these cells. © i993 Academic Press, inc. 

INTRODUCTION 

While essential for initiation of T cell activation, the interaction between the CD3/ 
TcR and Ag/MHC on APC is insufficient to complete the proliferative response and 
generate functional programs of T cells (1-3). Participation of additional cell-surface 
molecules (accessory molecules) that mediate adhesion and/or influence signal trans- 
duction is required for optimal T cell activation. These molecules were initially defined 
and characterized by the use of specific monoclonal antibodies (mAbs) capable of 
blocking or enhancing functional T cell responses. Many such accessory molecules 
have now been shown to be adhesion structures belonging to the Ig gene superfamily 
or the integrin gene family (4). These include CD2, CD4, CD8, CD28, CD 1 1 a/CD 1 8 
(LFA-1), and the VLA/CD29 Ags (5-9). Most of these molecules appear to regulate^ 

' This work was supported by grants NIH All 2609, AI29530, and AR337 1 3. 
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veloped and used for analysis. The hybridoma antibody described here, anti-4F9, was 
shown to be of the IgGl subclass by specificity of staining with fluorescein-labeled 
goat anti-mouse IgGl. 

Analysis of Lymphocyte Population with a Fluorescence-Activated Cell Sorter 

Single- and two-color fluorescence flow cytometric analyses were performed on an 
Epics V cell sorter (Coulter Electronics, Hialeah, FL). For single-color analysis, cells 
were stained with mAb ascites at dilutions of 1/250 to I/IOOO, followed by incubation 
mth FiTC-conjugated goat anti-mouse F(ab')2- Background fluorescence reactivity 
was determined using ascites from nonsecreting hybridoma clones. Two-color staining 
was performed by using anti-4F9-RTC and anti-CD45RA(2H4)-PE or anti- 
CD45RO(UCHL-l)-biotin followed by streptoavidin-PE. 

Immunoprecipitation and Enzymatic Treatment of the 4F9 Ag 

Cells were surface labeled with '^^I by using the lactoperoxidase method. They were 
then solubilized in lysis buffer (50 mM Tris-HCl, pH 7.4, containing 0. 14 Af NaCl, 
j^j^NP^O, I mMPMSF, I ;tg/ml pepstatin, 10 mMiodoacetamide, 0.1 U/mlaprotinin, 
5 mM EDTA). The lysate was precleared with Affi-gel-protein A (Bio-Rad, Richmond, 
CA) plus rabbit anti-mouse Ig (Jackson ImmunoResearch). The precleared lysates 
were then incubated at 4°C for either 1-2 h or overnight with mAb plus 10 ^l of 
rabbit anti-mouse Ig Ab before precipitation with 100 ti\ of Affi-gel-protein A. After 
extensive washing with lysis buffer, immunoprecipitates were eluted by boiling for 5 
min in sample buffer (0.1 A/Tris-HCl, pH 6.8, containing 10% glycerol, v/v, and 1% 
SDS). The samples were run on a 10% SDS-PAGE under either reducing or nonre- 
ducing conditions. Treatment of immunoprecipitated 4F9 Ag with iV-glycanase, which 
cleaves N-linked oligosaccharide chains from proteins, was performed as described 
elsewhere (23). After stopping the reaction by addition of sample buffer, the samples 
were run on 10% SDS-PAGE. 



Cloning and Sequence ofcDNA 

A cDNA library was constructed from poly(A)'' RNA prepared from PHA/PMA- 
activated T cells as described (24). The expression cloning was performed by a high- 
efficiency COS cell expression system as described previously (25). The nucleotide 
sequence of both strands of the isolated cDNA was determined by using the dideoxy 
sequencing method (26). 

T Cell Proliferation A ssays 

For preparation of culture plates coated with anti-CD3 alone or anti-CD3 plus other 
antibodies, 100 ti\ of protein A-purified anti-CD3 antibody (0.1 Mg/ml) was placed in 
each well of a 96-well flat-bottom plate, which was then incubated for 3 hr at roqp 
temperature. After washing three times with PBS, 100 /il of PBS containing the in- 
dicated amounts of second antibodies was then plated in each well and incubated for 
an additional 3 hr at room temperature. Before use, wells were washed three times 
with PBS. T ceUs were cultured in triplicate wells at a concentration of 10^ cells/well 
in serum-free medium consisting of Iscove's MEM supplemented with 0.1% BSA, 30 
Mg/ml human transferrin, 10 ftg/ml soybean lipids, 4 vaM L-glutamine, 25 mMHepes 
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Fig. 1. Cytofluorographic analysis of T cells with anti-4F9. (A) Expression of 4F9 on unfractionated, 
CD4^ and CD8* T cells. 4F9 expression was determined by immunofluorescence as described under Matenals 
and Methods and expressed as percentage of ceUs reactive with anti-4F9. Ruorescence intensity is represented 
on the horizontal axis on a three-decade lagarithmic scale, and cell number is on the vertical axis. Data are 
representative of five separate experiments. (B) Relationship between 4F9 expression and CD45RA or 
CD45RO expression on freshly isolated CD4+ T cells. Two-color analysis was performed as descnbed under 
Materials and Methods. Data are representative of three separate experiments. In these representative ex- 
periments, the actual percentages of cells within each subset were as follows: 31.8% 4F9^CD45RA-, 3.7% 
4F9^CD45RA% 36.8% 4F9-CD45RA-, 27.6% 4F9-CD45RA^ 2.8% 4F9^CD45RO-, 40.0% 4F9^CD45RO^ 
35.2% 4F9-CD45RO~, 2 1 .8% 4F9-CD45RO'^. 



H9 cells (Fig. 2B) as well as peripheral resting T cells (data not shown). In contrast, 
0-glycanase treatment had no effect on the electrophoretic mobility of the 4F9 Ag 
(data not shown). These results suggest that the 4F9 Ag is expressed at the cell surface 
as a protein core of 25 kDa which is primarily N-glycosylated resulting in a glycpprotem 
with Mr of 43-50 kDa. 

To further obtain structural information about the 4F9 Ag, its cDNA was isolated 
from a cDNA library constructed from PHA/PMA-activated T cells using a expression \ 
cloning method (5, 24, 25). Analysis of plasmid DNA after three cycles of immuno- 
selection indicated that 8 of 24 clones contained cDNA inserts of 1.6 kb in size. One 
of these clones was transfected into COS cells by the DEAE-dextran method, and after 
72 hr, the expression of 4F9 was examined by indirect immunofluorescence. COS 
cells transfected with this cDNA, but not those transfected by the pCDM8 vector 
alone, were found to express 4F9 epitope (data not shown). 
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■ their ability to provide costimulatory signals with the CD3/TcR pathway (10, 1 1, 
97 30 31) Therefore, we next examined the effect of immobilized anti-4F9 on anti- 
rD3-ciependent CD4 cell proliferation using a previously described T cell culture 
stem (27 30- in this system, neither immobilized anti-CD3 alone nor anti-4F9 
^one could elicit CD4 cell activation. However, when antibodies were used in com- 
bination, prominent CD4 cell proliferation was observed in a dose-dependent fashion 
L 3) Costimulation induced by anti-4F9 is specific, since crosslinking of anti-CD3 1 
oranti-TQl (anti-L-selectin) antibodies with anti-CD3 had no effect in this system. 

Immobilized Anti-4F9 Promotes Spreading ofT Cells 

In addition to the comitogenic effect of immobilized anti-4F9, we noted that T cells 
cultured on such plates exhibited a prominent change in morphology. To further 
analyze this phenomenon, we performed adhesion assays using several cell lines ex- 
pressing 4F9 Ag as described under Materials and Methods. Figure 4 shows represen- 
totive results when human T cell line H9 cells were used as a target cell Sixty to eighty 
percent of H9 cells developed prominent dendritic processes within 60 inm after contact 
vidth anti-4F9-coated substrata. This spreading of H9 cells was not observed when 
they were cultured on plates coated with the anti-MHC class I antibody (W6/32) (Fig. 
4) or plates not coated with any mAb (data not shown). Since the level of the expression 
of MHC class I Ag on H9 cells was almost equal to that of 4F9 Ag (data not shown), 
the spreading induced by anti-4F9 was at least unrelated to Ag density. This anti-4F9- 
mediated spreading of cells was also observed in PHA-activated T cells and other cell 
lines expressing the 4F9 Ag. Among the T cell lines we examined, H9 cells exhibited 
the strongest response in spreading assays. Therefore, additional experiments were 
performed using H9 cells. 
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FIG. 3. Comitogenic effect of anti-4F9 on CDSndependent CD4 cell proliferation. CD4 cells were cuUured 
on plates coated with anti-CD3 (O.I fig/mX) alone or in combination with anti^F9 (circles), anti-CD31 
(squares) and anti-TQl (triangles) antibodies. After 4 days of culture, proliferation was assessed by determmmg 
['Hlthymidine incorporation. The data are expressed as the mean of triplicate samples. Each SD was < 1 5%. 
CD4 cell proliferation cultured on plates coated with each mAb alone was less than 2000 cpm. The data 
shown are representative of five separate experiments. 
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^'in this report, we described an N-glycosylated 43- to 50-kDa protein defined by 
nti-4F9, which is primarily expressed on the surface of a subset of human T cells, 
liolecular cloning and sequencing of a cDNA encoding this molecule revealed that 
tiie Ag is totally identical to R2, a molecule cloned by subtractive hybridization. The 
1(F9/R2 has a unique structure containing four putative transmembrane domains 
which is a common feature of a newly identified gene family ( 1 8) of membrane proteins 
ihat includes CD9, CD37, CD53, CD64, TAPA-1, CO-029, and Sm23. The highest 
degree of sequence homology between the members of this family is observed within 
their transmembrane regions ( 1 8), suggesting that these regions may be critical for the 
structural integrity of these proteins and their interactions with other cellular elements, 
in contrast, the hydrophilic extracellular region exhibits diversity presumably because 
of its involvement in binding different ligands. Despite its defined structure, the func- 
tions of members of this protein family are largely unknown (18). By analyzing effects 
of anti-4F9 mAb on T cell function, we demonstrated that the 4F9 Ag may act as a 
costimulatory molecule for T cell proliferation. Furthermore, crosslinking of the 4F9 
Ag with its mAb immobilized on plastic plates induced prominent spreading involving 
in cytoskeletal reorganization. These results suggest that the 4F9 Ag may play a role 
in T cell activation and adhesion. The distribution of this molecule on the 
CD4^CD45RO'^ subset of T cells may contribute to the distinct activation profile and 
functional repertoire of these cells. 

Several studies have shown that some of the members of the tetra spans transmem- 
brane protein family are involved in the regulation of cell proliferation (19, 34). For 
example, mAbs against CD37 inhibited the activation of B cells induced by anti-CD20 
mAb and B-cell growth factor but enhanced the mitogenic effect of anti-Ig antibodies 
on the same cells (34). Similary, antibodies to TAPA-1 exert an antiproliferative effect 
on a variety of hematopoietic cell lines in culture (19). The costimulatory effect of 
immobiUzed anti-4F9 on CD3-dependent T cell proliferation further supports the idea 
that the 4F9 Ag may play a role in cell growth. As described previously, immobilized 
anti-CD3 fails to drive extensively monocyte-depleted T cells to proliferate (27, 31). 
Like the physiologic Ag-specific response, T cells require additional costimuli. Several 
cell-surface structures have been shown to be able to provide costimulation by coim- 
mobilizing either their natural ligands or specific antibodies with anti-CD3 on plastic 
plates (10, 27, 30, 3 1, 33), Most of these costimulatory molecules function as adhesion 
receptors which mediate contact of T cells with other cell types or ECM proteins. This 
may suggest that Ugands or antibodies immobilized on substrata may facilitate the 
response to anti-CD3 in part by augmenting adhesion, and thereby increasing the 
surface area of the cell that is in contact with anti-CD3. However, enhanced adhesion 
alone appears unlikely to explain the costimulatory effect. First, raising the concen- 
tration of anti-CD3 on plastic does not induce proliferation of highly purified T cells 
(27). Second, antibodies or ligands (counter-receptors) against certain other adhesioij 
structures do not result in costimulation (our present data and 30). Finally, a number 
of studies have demonstrated that ligation of costimulatory molecules with their specific 
ligands or antibodies directly transmits signals into the T cell (35, 36). Treatment of 
a hematopoietic cell line U937 with anti-lA4, which recognizes an identical molecule 
to the 4F9 Ag, was shown to induce increased intracellular Ca^^ concentration (28). 
We also observed that crosslinking the 4F9 Ag with its mAb enhanced Ca^"^ influx 



258 



SHORT COMMUNICATIONS 



of S H 4P9 Ag induces cytoskeletal reoi^nization in a varietv 

of T ceUs as demonstrated by prominent cell spreading It hJbteT>^^hll^u^ 

formation resulting from HTLV-i -induced r ^y^y*'™ 

case nf Hrv i inrectea ceUs and an undefined receptor on target cells In the 
case ofHIV-mducedsyncytmm formation, anti-LFA-1 antibody as^ll as anti rm 
have^n shown to block this process (42). Given our present dam " Tra SS 
may be involved in the nrocess nf HTT v i ■ „ '♦ry/i^jj Ag 

rurthermore, mAbs react ve with TAPA i h^x,^ u V ^"Jnpiex (^j;. 

lymphoid cell aggregation (19) TakJiftJ^ei^er l^t^ TV '""'"^^ """""'^P'^ 

In summary, using a mAb anti-4F9 reactive with a T rpli crf.^ 
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Action pathways. Specific antibodies and cDNA will be important tools for these 
studies defining the biological role of this relatively new and unique supergene family. 
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Summary 

In th^ report, we show .hat cross-presentation of self-antigens can lead to the peripheral dele- 

OVA -s;:";:CD8.ri Jot'i Z^v'' transier^f^o^Lttn 
OVk t^Z!^,. , t ' ™' P™'"°"''-'"e.nbrane-bound form of 

Of tne K.aneys^ the |j cells of the pancreas, the thymus, and ilie ie,«is of male mice led to the ar 
nvafon of OT-[ cells In the draining lymph nodes. This was dt,e ,o class l-res rto d cross ore 
He^ °" ' —-derived antigen presen , APQ^^^^^^^ 



V? everal mechanisms play a role in tolerance induction to 
V--' extra thymic self-antigens. For class I-restricted CD8+ 
T ceils, ignorance, anergy, and deletion can operate to ren- 
der an animal tolerant to antigen expressed in peripheral 
tissues (1-14), However, the current dogma provides an in-' 
teresting dilemma with regard to our understanding of how 
tolerance is achieved. Anergy and deletion both require in- 
teraction of T cells with the self-antigen, and naive T cells 
are thought not to recirculate through nonlymphoid tissue 
UbJ. Ihus. those CD8+ T cells specific for antigens ex- 
pressed only in nonlymphoid tissues, e.g., in the (i cells of 
the pancreas, should not be susceptible to these forms of 
tolerance. This leaves ignorance as the only mechanism for 
avoiding autoimmunity to such antigens, a somewhat un- 
satisfactory situation because activated CD8+ T cells have 
wider recirculation pathways than naive cells (15). and can 
potentially cause autoimmune damage in tissues previously 
ignored (3, 4, 10). Consequently, we might expect autoim- 
munity to be more prevalent, or that additional tolerogenic 
mechanisms exist. 

rnQ+*^^^^' '"^"^ '^""^'^^ examining peripheral tolerance of 
CU8 T cells have used MHC molecules as their model 
autoantigens (5-10. 14, 16). These molecules are seen only 
in an unprocessed form, and therefore only on those ceils 
that themselves express the autoantigen. Although such 
studies have contributed to our understanding of the fate of 



autoreactive CDS'' T ceils, they have not allowed for the 
possible eflects of proce.ssitig and presentation of tissue anti- 
gens by proiessional APCs. 

Peptide antigens presented by MHC class 1 molecules are 
generally Uiought to l:.e derived IVom intiacellularly synthe- 
sized proteins (17-19). However, exogenous antigens can 
also be presented by class I MHC molecules under certain 
circumstances (20-26) and the induction of CTL via this 
exogenous pathway for class I-restrictetl presentation has 
been referred to as cross-prirning. We have recently shown 
that such presentation, when applied to .self-antigens, can lead 
to the activation of autoreactive CD8 * T cells (27). These 
studies used the rat insulin promoter (RIP)'-mOVA trans- 
genic mouse model, where a membrane-bound form of 
ovalbumin (mOVA) was expressetl by pancreatic P cells kid- 
ney proximal tubular cells, the tliymus, and in the testis of 
male mice. Transgenic OVA-specific CDS"* T cells (OT-I 
cells) adoptively transferred into RIP-mOVA mice were 
activated in the lymph nodes draining OVA-expressing tis- 
sues. This activation was due to class I-restricted presentation 
of exogenously derived OVA on a bone marrow-derived 
APC population. Here, we investigate the fate of autoreac- 



^ Abbreviations u^i in ,IUs p^i^r: f^A, li^.nugglu.ini,,; inOVA. membrane- 
bound form ol ovalbumin: OT-I. OVA-.,,ecinc CD8* T cells" RIP rat 
insulin promoter; TG, thymus yraftcd. 
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live CD8+ T cells activated by this cross-presentation path- 
way and provide evidence that these cells are deleted. 

Materials and Methods 

Fh!f H ,u" "^rT. ^'^"^ Ji'^ niainlainod at the Walter und 

Lhza Hall Institute of Medical Research. For all experiments fe- 
male mice between 8 and 16 wk of age were used. RJP-mOVA 
and U 1 -1 transgenic mice were generated and screened as- previ- 
ously described (27, 28). *^ 

Adult Thy,nmomized. Uymus^gr^ited, Bone Marrow Chnncras 
Adu t thymectomized. thynius-grafted. bone marrow chimeric RIP-' 
n.OVA mice (TG-RIP mice) and nontransgenic mice fTG-^W 
iransgenjc micej were generated as described {9. M) In brief 2-6 
wk after adult thymectomy RIP-mOVA mice and Iheir nontram 
genic htlemiates were lethally irradiated with 900 cGy and recon- 
stituted With T ceil-dopieted bone marrow from OT-I n.ice The 
next day. radioresistant T cells were depleted with 100 ,xl of T24 
lant,-ihy-l) ascites intraperitoneaily. 1-2 wk after irradiation mice 
were grafted with a sex-matched 1,500 cGy irradiated thymus 
graft from a nontransgenic newborn B6 mouse under the kidney 
capsule. This approach ensured that OT-I cells were not deleted 
mtrathymically due to aberrant expression of OVA in tliis tissue 
t'Kparalion of OT-I CeUs for Adoptive Tiiansfer. OT-I RAG 1 

scrlT727TrK 'T °f ^--8-^- -ice as de- 

scribed U7). In bnef. erythrocytes and macrophages were re- 
moved by treatment with the anti-heat stable antigen mAb jl Id 
^.nd complement^OT-I cells fron, RAG-l"/" mice were of a na- 
.ve phenotype (CD44'", 0069", IL-2R-}, 0.25-6 X I0« ceils 
were injected intravenously into recipient mice. 

5.6-CarZwxy-5»irm/j;jj(^yy-F/t/o/r5cc/;,e-£5ref Libeiing of OT-I 
L^cls. 5.b-carboxy-succinimidyl-nuoresceine-ester (CFSE) la- 
beling was performed as previously described (29-31) OT-I celK 
were resuspended in PBS containing 0.1% BSA (Sigma Chem. 
^u'tJ:Tr,?,ll^ X ]0« cells/ml, For Huorescence label- 
f' CFSE (Molecular Probes. Eugene, Oregon) stock 

S!Tmin a737"C ^ 

cnl^fpf^^^'"'^!'' ^'^"^ ^^""^ ^^^'"^d for three- 

color FACS® analysis as described (10). using the following niAbs" 
PE-conjugated anti-CD8 (YTS 169.4) was from CaUag (s'. Fran " 
CISCO. OA). Biotinylated a:ni-CD69 (H1.SF3) and PE-labeled anti- 
TrP mtn il""'" '^on^ PlrMingen (San Diego, OA). Anti- 
Va2 TCR (B20.1) and anti-V35.1/2 TCR (MR9-4) mAbs (27) 
were conjugated to biotin or to FITC. Biotin-labeled Abs were 
detected with Streptavidin (SAVP)-Tncolor (Caltag). Analysis was 
peiformed on a FACScan® using Lysis II software. Live gates 

To O0o"^20'?oiT''"'^r" " '''' '''' P-"'-- 
lU.UUU-20.000 live cells were collected for analysis. OT-I donor 

rvrz^vp^'t^crsv::;^" ^^^^ ^^--^^ 

For analysis of Huorescent labeled cells. 50.000 CD8+ cells were 
collected and analyzed using WEASEL software (F. Battye W-.l- 
ter and Eliza Hall Institute, Melbourne, Australia) 

Histoiogy. Tissues were fixed in Bouin s solution and paraffin 
sections were stained with hemaioxyiin and eosin using standard 
mctiiods. . ' 
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Figure 1. ProlifcTalio,! nf OT-I .oil. i,, |y,nph nodes dniinin. OVA- 
exp,x..nHtl.u..ofR]P-,nOVA.nic:.. 5 X 1 0« CFSE-bbeled OT-i cells 
were n,j.cu. in.r.v.nously Im.o RlP-,nOVA mice und non\^L "n!^ 

-u: (B). a.Ki inguinal (Q LN RIP-.„OVA and fj,. .he e 



Results 

■ "^'"'olv" '!:2Y^"f^'^' <^D8- T Coils by Cross-presentn- 
nor. RIP-rr^OVA Mice. RIP-mQVA mice express a tnetn- 
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brane-bound form of OVA in the p cells of the pancreas 
the proximal tubular cells of the kidney, the thymus, and in 
the testis of male mice (27). When OVA-specific CD8+ T 
cells from the OT-I transgenic line (OT-I cells) were trans- 
ferred mto RIP-mOVA mice, they were activated in the 
c raming ly.nph nodes of OVA-expressing tissues (27) In 
tli.s report, we have used a novel and more sensitive 
17 nV'!' P'oliferating cells in vivo 

nrcc "^^'^ ''^^'^'^ ^'t'^ nuorescent dye 

CFSE and then transfeired into RiP-.nOVA mice. When 
CFSb-labeled cells divide, the two daughter cells receive 
approximately half of the original fluorescence, and their 
progeny a quarter, and so on. Thus, a cell that has divided /, 
times will exliibit a 2"-fold reduced fluorescence intensity 
Therefore, on a FAGS® histogram, separate peaks appear 
for cells that have divided 1-8 times. After nine cell cycles 
the fluorescent dye is diluted to background intensity FIr' 
1 shows the CFSE profiles of 5 X 10« QT-I cells trans- 
ferred into RIP-mOVA mice 43 h earlier. Multiple peaks 
^jre seen only in the renal (Fig. 1 A] and pancreatic (Fig 1 
tf) lymph nodes, confirming that OT-I cells were activated 
and proliferated only in these sites. 

Using the above technique, divided cells were first ap- 
parent at 25 h after transfer (data not shown). After 43 h 
sonie OT-I cells had divided four times (Fig. 1). six times 
withm 52 h (data not shown), greater than eight times 
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r.'^T N PT?"' ^''^ OT-I cells in ih. drain- 

ing LN of RIP-inOVA mice. 5 X CFSE bhul^d OT-1 celh were 
(ramferred into RIP-,„OVA n.ice b.t:kcrn..ed to B6 (A. B, E, F) or hnil 
[C. U, C H) and grafted with B6 {A. C, E, Q or bml [B, D. F J-i) hone 
marrow. After 3 d. renal [A-O, unci inguinal (E-/^ iy„,,h node cell, 
were examined by now cytometry, P, oM]e.s were gated for CDS^ cells. 



, Within 68 h {Fig. 2). Therefot-e. one celi cycle required 
^4.5 h in vivo. 

These results indicate that OTA cells were able to re- 
spond to antigen presented in the lymph nodes that drained 
UVA-expressing tissues. Previously, we showed that in the 
absence of a bone marrow-derived APC capable of pre- 
senting OVA to OT-I cells, no proliferation was observed 
l^/J. lo determine whether OVA presentation by such 
bone marrow-derived APCs alone was sufficient to induce 
Ul-I cell proliferation, we took advantage of bml mice 
which express a mutation in the K'^ molecule such thai 
cannot present OVA to OT-I cells (32). RIP-,nOVA 
mice, which were crossed onto the brnl haplotype (RIP- 
niOVA.bml). wei-e tethally irradiated and reconstituted with 
m bone marrow (BG^RIP-mOVA.bml). In these chi- 
meric mice. K'' is expressed by bone marrow-derived cells 
but not by peripheral tissue cell.s such as islet (3 cells or kid- 
ney proximal tubular cells. 5 X lO^^ CFSE-labeled OT-i 
cells were adoptively transferred into the chimeric RIP- 
mOVA mice and, 3 d later, lymphoid tissues were analy7ed 
by flow cytometry {Fig. 2). Proliferation of OT-I ceils was 
observed in the renal (Fig. 2 Q and pancreatic {data not 
Dc°'^!^T ''"^ ^'^"^ inguinal lymph nodes of 

B6-^RIP-mOVA.bml chimeras (Fig. 2 Q. This result 
showed that antigen presentation by bone marrow-derived 
cells was sufficient to induce proliferation of OT-I cells. 
The proliferation was not as intense as in normal RfP- 
mOVA mice {see Fig. i). but was comparable to that seen 
in B6-^RIP-mOVA.B6 control chimeras that were en- 
tirely of the B6 haplotype (Fig. 2, A and £}. This implied 
that the less vigorous response seen in chiiTieric mice may 
be the result of irradiation. As previously reported (27), 



OT-I cells were not activatetl when tiie'bone marrow com- 
partment was of the bml liaploiype (bm I ->RIP-mOVA B6 
or bml-.,nOVA.b>nl), i.idicating that antigen presenta- 
tion by a bone marrow-derived cell was not only sufficient 
but also essential for 0T-[ activation. 

Deletion of Adoptively Tr,nsibncd OT-I Cells in the Periph- 
ery ofRIP-n.OVA Mice. The above results indicate that a 
bone marrow-derived APC was capable of processing and 
presenting antigens expre.ssed by peripheral tissues for acti- 
vation of autoreactive CDS ^" T cells. To determine how 
the nnmune system normally copes with such autoreactive 
cells, we examined the ultimate fate of these cells To de- 
tect adoptively transferred OT-I cells in unirradiated recip- 
ients several weeks after transfer, it was necessary to inject 
at least 5X10^ cells. However, under these circumstances 
Ul-1 cells infiltrated the pancreatic islets after day 3 and 
caused diabetes in 100% of 16 RfP-mOVA mice by day 9 
(data not shown). Smaller numbers of cells, e.g.. 0 25 X 
iO« cells, did not cause diabetes in 25 recipients, but detec- 
tion of these few c:ells was not possible several weeks after 
transfer, even in nontran.^genic controls, i^resumably OT-I 
cells were activated after transfer in both cases, but only the 
larger dose caused sufficient destruction to result in diabe- 
tes. To avoid the problem of (i cell destruction, we trans- 
ferred 6 X 10^ OT-r cells into B6-^RrP-inOVA bml chi- 
meric inice. in which OT-I cells could recognize antigen 
on the cross-presentii]g bone marrow-derived APCs but 
could not interact with OVA-expre.ssii,g peripheral tissues 
of the bml liaplotype. Alter 8 wk, far fewer OT-I cells 
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iMgiire 3. OT-I cell.s are (teleted in r(;,sponse lo recognition of antigen 

Sip'" nuAT'''','^ ^""^^ "'"''"^ '"'^^ Sr^fted into, 

mfi nx I liitenni.te.s, M wk later 6 X 

U 9^var'rnr"' ffl^ptively iran,sferred. :.nd after 8 wk the number of 
Va^ Vp,) CDS cells in the LN and .spleen of tliereciiJienti was deter- 
mined by flow cytometry. The proportion of V(x2-V(35^ cells in the 
populaiion was 7.5-10% in nontransgenic. and 1.4-3 5% in trans- 
genic recipients. An average of 1.4% of CDS^ cells were VaZ^VBS^ in 
nninjected mice. To derive the total number of OT-I cells, this I 4% was 
subtracted from the proportion of V(*2-V(ir)- cells in the CDS^ cells in 
'r rni-'x ' ^^^'^ '"uKiplieci with the j^roportion 

ol 1 cells in the live cell, and wiili ihe number of live cells. These 

results are represeniative for two such experiments comisting of four mice 
per group. 
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rr PID "il'^'^-^Thymus gmfc from TC-litterrnate .nice [A and ii? and 
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hn UUS and Vh2 expression. The simie siaining conditiom fur Va2 
were used for thymus a.uJ LN cdU. Th. data shown here is representative 
lur eight pairs of manipulated mice investigated. 



were recovered from the lymphatic tissues of B6->RIP- 
mOVA.bml mice than from nontransgenic BG^bml mice 
(Fig. 3). These data suggest that OT-I cells were deleted af- 
ter recognizing exogenously processed OVA on bone mar- 
row-derived APC in the draining lymph nodes of OVA- 
expressing tissue. 

Deletion of Coimitutiveiy Produced OTJ Cells in the Pcriph- 

W OT-l cells contrasts with the normal situation where 
small numbers of newly matured cells enter tlie peripheiy 
from the thymus each day, We leasoned that diabetes tiiay 
have occurred because the normal tolerogenic mechanisms 
were unable to cope with such a large number of Injected 
I ceils. 

To create a more physiological situation where OVA- 
specific CD8+ T ceils would be generated continuously in 
the thymus. RIP-mOVA mice were manipulated to ensure 
that OVA could not be expressed in this compartment. Tliis 
was achieved by thymectomizing RIP-mOVA mice and 
then grafting them with a nontransgenic B6 thymus. Such 
mice were then lethally irradiated and reconstituted with 
bone marrow from OT4 mice, and designated thymus- 
grafted RIP-mOVA mice (TG-RIP mice). This approach 
has been successfully used to exclude the effect of aberrant 
thymic antigen expression in other models (10. 14). 

In contrast with the RIP-mOVA mice given large num- 
bers of OT-I cells, which became diabetic within 9 d, only 
1 of 12 TG-RIP mice developed the disease when followed 
for > 116 d. Analysis of the thymus grafts 4 mo after im- 
plantation showed that OT-I cells (CD8+CD4-Va2+ cells) 
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I'igure 5. Analysis of Die aciivarion .statLis of OT4 cells in TG-RIP 
•nice. hxpresMon of CDfi9 (A-Q and L-,selectin (D-F) by Va2^ Ivm- 
P Kicytes from the peripheral LN of TC-nnn.ransgenic mice {A J Q 
and the peripheral (fc and h) and renal (Cand LN of TG-RIP .nice. 

were able to mature in TG-RIP .nice (Fig, 4). The propor- 
tion of mature OT-I cells it) the thymus was equivalent to 
that oi nontratisgenic controls (Pig. 4. A and D). supporting 
the view that the thymic deletion reported earlier for the 
double-transgenic mice (27) was the result of aberrant thy- 
mic expression of mOVA. 

Because OT-I cells matured in the thymus of TG-RIP 
mice, we could examine their fate after release into the pe- 
ripheral immune system. Flow cytometric analysis of the 
lymph node populations of TG-RIP mice showed a signif- 
icant reduction in the proportion of these cells relative to 
that seen in TG-nontransgenic mice (4.9 ±2 4% versus 
25.1 ± 8.2%. = 8) (Fig. 4, Cand F). Calculation of the 
total number of OT-I cells in tl,e Si)leen and lymph node 
populations indicated tliat (here was approximately a five- 
fold reduction of these ceils in TC-RIP mice (2 28 ± 1 21 X 
UF ve,«. I2.0(i ± 2J0 X 10^; „ = 8). The rlmaining 
Ul-1 cells in IG-RIP mice proliferated in vivo after re- 
stimulation with antigen, demonstraiing that they were not 
anei-gic (data not shown). These dat^i .strongly suggest that 
OVA -specific CDS '- T ceils were lost and probably deleted 
once they entered tlie pei ipliery. 

Consistent with ;in active deletional process occurring in 
these mice. OT-I cells from the periplieral lymphatic tis- 
sues of TG-RIP mice expressed elevated levels of the acti- 
vation marker CD69 (Fig. 5. A~Q nnd decreased levels of 
L-selectin (Fig. 5. D-F) relative to that seen in TG-non- 
tratisgenic control mite. Tlie proportion of activated OT-I 
cells was even higher in the lymph nodes draining OVA- 
expressing tissues (Fig. 5. Cand F). suggesting that activa- 
tion of OT-I cells in TG-RIP mice also occurred in these 
draining lymph nodes, presumably by the same cross-pre- 
sentation mechanism that activates adoptively transferred 
OT-I cells. 
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<S 0 5 10 15 20 25 30 35 
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Figure 6. Disappearance of OT-I cell, in TG-RIP mice aftur r.inovul 
ol tht^ir thymus grdft, Thy,„u. graft was reiiiuved from TG-RIP niico ii„d 
1 G^aontrdnsgenic controls 3 mo uflL-r implantation. The proportion of 
CDS peripheral blood cdls that were V«2-V35' was then detennined 
by now cytometry on days 2.11, 18. a,id 35 after thymectomy The pro- 
portion found a. day 2 after removal of the thymus grafts was co.^idered 
IUU% in th,s particular .nouse, and the following values were given as a 
percent of this starting value, TG-RIP, not operated (O)' TG-RIP thv- 
nrus graft removed (V); TG-RIP, thy.nus graft and left kidney renioved 
A). lO-nontransgenic Uttennate, not o,)uratetl (□); TG-nontramgeiiic 
litiennate. (hymns graft removed {O). 



To determine the fate of those few activatetJ OT-I cells 
remaining in the peiiphery of TG-RIP mice, the tliymus 
grafts were removed 3 mo after implantation to stop fui titer 
T cell production. The proportion of OT-I cells was then 
examined in the blood at various later timepoints. This re- 
vealed a continuous decline in the proportion of 0T-[ cells 
in TG-RIP mice (Fig. 6). consistent with the idea that, a 
continuous deletion process was in operation. These few 
remaining cells were also able to proliferate upon restimu- 
lation with antigen in vivo (data not shown). 

Discussion 

There are now numerous reports showing that cross- 
presentation of exogenous antigen can prime class I-restricted 
CTL responses (33). It has also been shown to induce toler- 
ance in the thymus (23). Here, we show that cross-presenta- 
tion can induce peripheral tolerance that appears to operate 
via a deletional process. 

Although our data strongly suggest that OT-I cells were 
deleted in TG-RIP mice, an alternative possibility is that 
these cells had relocated to extralymphoid sites. However 
because few OT-I cells were seen in nonlymphatic tissues." 
apart from small numbers of cells in the pancreatic islets 
(data not shown), this possibility .seems remote. It should be 
emphasized that the mild islet infiltration observed is un- 
likely to account for the loss of ^10^ ceils from the second- 
ary lymphoid organs of the TG-RIP mice. 

Deletion has been reported as a likely mechanistn of ex- 
trathymic tolerance for several introduced antigens, includ- 
ing superantigens (34. 35), viruses (36). soluble peptides 
(37. 38), and protein (39). and for some self-antigens in 
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transgenic tnodeis (8, 14. 16. 40). The general belief is that 
this form of tolerance results from exhaustive differentia- 
tion (34). T cells are stimulated .so extensively by antigen 
tiiat they proceed to end-stage effectors with limited 
lifespan. Such a mechanism is consistent with the observed 
activation and proliferation that precedes deletion in the 
RIP-mOVA model. 

Our findings provide a patliway whereby CD8+ T cells 
cati be toleri7.ed to self-antigens exjDt-assed in tissues outside the 
normal recirculation pathway for naive T cells. As long as the 
antigen can gain access to the exogenous cross-presentation 
pathway, host CD8+ T cells should be stimulated to die 
eventually. Thus, as newly derived autoreactive CD8^ T cells 
enter the peripheral pool, tliey will encounter their autoan- 
tigen on the cross-pre.seiiting APC in lymph nodes that drain 
the appropriate tissues. As a result, activation will follow 
mid lead to deletion, thus limiting the accumulation of ig- 
norant autoreactive ceHs in secondary lymphoid compart- 
ments. This model is at odds with (he previously reported 
induction of diabetes in virus-primed transgenic mice ex- 
pressing viral antigens in the islet ^ cells (3. 4), which sug- 
gests that ignorant naive CDS '- T cells lemained in the pe- 
ripheral circulatioti. However, the type and concentration 
of the antigen atid the affinity of tlie TCR in the respond- 
ing T cell population are likely to affect d ie efficacy of cross- 
presentation leading to deletion. \u support of this conclu- 
sion, we have preliminary evidence using newly generated 
transgenic lities tliat the level of antigeti expressed affects the 
extent of cross-presentation (our uripnblislied observations) 
In addition, data obtained using transgenic mice expressing 
hemagglutinin (HA) under die cotjtrol of the rat insulin 
promoter (RIP-HA mice), support the idea that antigens 
expressed in the islets are not always Ignored but can acti- 
vate CD8+ T celfs leading to tolerance induction. RIP-HA 
mice crossed to TCR tt-ansgetiic mice, which produced large 
numbers of class f-iestricted HA-specific T cells, became 
diabetic (41), indicating that HA-.specific CD8 ^ T cells en- 
tered the periphery of RIP-HA mice, where they were ac- 
tivated by Islet antigens, perhaps by cross-presentation. 
Despite this observation. RIP-HA singie-transgenic mice 
showed HA-specific CTL tolerat,ce (1 1). SL.ggesdng that the 
acdvation process seen in double-transgenic mice may lead 
to tolerance inductioiT when the precursor frequency is 
low, as in a normal T cell repertoire. 

It is not clear why this form of priming should lead to 
loss of activated cells when most other described cases of 
cross-priming result in immunization. Perhaps it relates to 
the condnuous presence of the primhig antigen, which pro- 
vides repeated stimuli to the responding population to the 
point of exiiaustion. Alternatively, because there is specific 
tolerance to OVA in the CD4 ' T cell compartment in our 
model (our unpublished observations), tieletion of CD8+ 
cells may relate to a lack of 004-*- T cell help, which ap- 
pears to be necessary for the induction of some CD8+ T cell 
responses (42-44). Tlius. wlien CD8+ T cells were con- 
fronted with andgen in the absence of CD4-*- T cells, only a 
transient response followed after which all the antigen-spe- 
cific T cells died (45). 



Deletion of OT-I cells in TG-RIP mice is consistent 
with a model in which newly matured OT-I cells enter the 
periphery of RfP-mOVA mice, recirculate until they come 
mto contact with antigen in the draining lymph nodes of 
UVA-expressing tissues, and are then activated and deleted 
5uch activation-induced deletion could occur in one of two 
ways: either directly as a result of activation on the bone 
marrow-derived cross-presenting APC. or indirectly be- 
cause only activated 0T-[ ceils are able to recirculate 
through nonlymphoid tissues where they can encounter 
UVA-expressing tissues and there be deleted. The observed 
deletion of OTT cells adoptively transfen-ed into B6-^RIP- 
mOVA.bml mice indicates that secondary encounter with 
antigen on peripheral tissues is not essential for deletion to 
occur. However, it is important to state that although pre- 
sentation of OVA on the bone marrow-derived compart- 



ment was sufficient to lead to deletion, tlie additional abil- 
ity to encounter antigen on periplieral tissue may enhance 
deletion. This will be examined in future studies. 

Our results provide evidence for an extrathymic mecha- 
nism capable of inducing the lo.ss of CD8+ T cell respond- 
ing to self-antigens expressed in tissues outside the lym- 
phoid compartment. Because suci, tissLies are normally not 
directly accessible to naive CD8^ T cells, the absence of 
this deletion mechafiism would allow accumulation of 
naive autoreactive CDSt T cells. These could be primed 
to effector CTL with wider recirculation pathways after a 
strong environmental stimulus, thus leading to autoimmu- 
nity. We speculate that the continual activation and dele- 
tion of small numbers of autoreactive CD8+ T cells by 
cross-presentation will not result in significant autoimmune 
damage. 
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Peripheral tolerance through clonal deletion 
of mature CD4-CD8* T ceils 

Douglas A. Carlow, Soo Jeet Teh, Nicolai S. C, van Oers, Richard G. MIIIer^ 
and Hung-SIa Teh ' 

Department of Microbiology, University of British Columbia. Vancouver, British Columbia Canada 
'Ontario Cancer Institute, Toronto, Ontario. Canada 
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Abstract 

Transgenic mice bearing the ajS transgenes encoding a defined T celi receptor specific for the 
male (H-Y) antigen presented by the H-2D«> class I MHC molecule were used to study mechanisms 
of peripheral tolerance. Female transgenic mice produce large numbers of functionally 
homogeneous CD8+ male antigen-reactive T celts In the thymus that subsequently accumulate In 
the peripheral lymphoid organs. We have used three experimental approaches to show that male 
reactive CD8+ T cells can be eliminated from peripheral lymphoid organs after exposure to male 
antigen. (1) In female transgenic mice that were neonatally tolerized with male spleen cells, male 
reactive CD8+ T cells continued to be produced In large numbers In the thymus but were 
virtually absent In the lymph nodes, (li) Injection of thymocytes from female transgenic mice Into 
female mice neonatally tolerized with the male antigen, or Into normal male mice, led to the 
specific elimination of male-reacttve CD8* T cells In the lymph nodes. (Ill) Four days after male 
lymphoid cells were Injected Intravenously into female transgenic mice, male antigen-reactive 
CDS* T cells recovered from the lymph nodes of recipient mice were highly apoptotic when 
compared to CD4+ (non-male reactive) T cells. These data Indicate that tolerance to extrathymic 
antigen can be achieved through elimination of mature T cells in the peripheral lymphoid organs. 



Introduction 

Immunological-tolerance to self-antigen presented in the thymus 
can be imposed through either negative selection against 
autoreactive T cells or the induction of T celi anergy. In certain 
antigen systems the cellular requirements of these two processes 
have been defined and analyzed at the clonal level. Bone marrow 
derived cells cause the physical deletion of thymocytes 
expressing T cell receptors (TCR) specific for self antigens (1 - 6). 
whereas thymocytes expressing TCR specific for self antigen 
expressed exclusively by thymic epithelium are not deleted but 
are instead rendered, unresponsive (anergic) to subsequent 
stimulation by antigen or by anti-TCR antibodies (7-9). Thus, 
for the subset of self antigens expressed in the thymus, clonaU 
deletion and the induction of anergy constitute distinct' 
mechanisms for regulating T cell reactivity. However., the 
mechanism(s) responsible for regulating T cell reactivity to self 
antigens expressed extrathymically are still being resolved. 

Various approaches have been adopted to address the 
question of how self tolerance is maintained for antigens not 
expressed in the thymus. Among the most notable of these has 
been the development of transgenic mouse models (10-19) 
where genes encoding defined MHC (1 0 - 1 5) or viral (17-19) 



antigens have been placed under the control of heterologous 
tissue specific promoters. The consequences of restricted, 
extrathymic antigen expression on in vivo and /n vitro T cell 
reactivity was then monitored. Although these studies have pro- 
vided useful insights into the effects of extrathymic antigen 
expression on the reactivity of T cell populations (reviewed in ref. 
20) they generally provided little direct information about the 
underlying basis for the development of hyporeactivity against' 
the transgene products. In those cases where the integrity of T celt, 
clones specific for the transgene products could be directly 
assessed, clonal anergy as opposed to clonal deletion appeared, 
to be responsible (14-16). 

Using male antigen specific TCR transgenic mice several 
models were developed to study the regulation of T celt function . 
in vivo. The data presented herein are most consistent with a 
process whereby thymus derived male antigen-reactive CD8* 
T cells are specifically eliminated upon encountering male antigen 
on cells in the peripheral lymphoid organs. Thus, deletion of 
peripheral CD8+ T cells seems to provide an additional- 
mechanism whereby T cell tolerance to extrathymic self antigen 
can be maintained. 
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Methods 

Mice 

C57L C57BI/6 and (C57L x bm12)F, mice were 
either obtained from Jaclcson Laboratories (Bar Harbor, ME) or 
bred In the animal facility in the Department of Microbiology at 
the University of British Columbia (UBC). Transgenic mice bearing 
0(j8 TCR transgenes on the C57L background were generated 
as described previously (4). Breeders for this transgenic line were 
provided by Dr Harald von Boehmer, Basel Institute for 
Immunology, Basel, Switzerland. Transgenic mice were 
maintained at the animal facility in the Department of 
Microbiology, UBC, by backcrossing to C57L mice. 

Media 

Iscove's modified Dulbecco's medium (IMDM) {Gibco. Burlington. 
Ontario) was supplemented with penicillin (lOOU/ml) and 
streptomycin (100 Mg/ml), 5 x 10-^M 2-mercaptoethanol, and 
10% fetal calf serum (FCS) (Gibco, lot no, 43N3092). 

Antlt)odies 

CD8-FITC [mAb 53-6.7 (21), fluorescein conjugate] and CD4-PE 
[GK1 .5 (22), phycoerythrin (PE) conjugate] were purchased from 
Becton-Dickinson (Mississauga, Ontario). The transgenic j5 chain 
specific mAb F23.1 (23) and the transgenic a chain specific mAb 
T3.70 (24,25) were biotinylated. 

FACS. analysis 

For fluorescence staining. 5x10* cells were incubated with the 
indicated mAb diluted in PBS and 2% FCS for 15 min at 40C. 
All staining reagents were used at predetermined saturating 
concentrations. For analysis of TCR expression, a 
streptavidin- Tandem (SA-Tandem) conjugate (no. 7100-10, 
Southern Biotechnology Associates, Birmingham, AL) was used 
to detect staining with biotinylated TCR specific mAbs. When 
biotinylated antibodies were used, cells were washed in PBS and 
2% FCS once after the 1 5 min incubation before addition of SA- 
Tandem. For three-color analysis, cells were incubated with- 
blotinylated mAb specific for either the a or /9 transgene product, 
washed twice, incubated with SA-Tandem, washed, incubated 
with CD4-PE and CD8-FITC. and washed. Ceils were finally 
resuspended in 500 ;il of PBS with 2% FCS for analysis with a 
FACScan flow cytometer equipped with a single argon laser 
(Becton-Dickinson. Mississauga, Ontario). Dead cells were 
excluded from data collection by setting a viability gate with 
fonvard scatter and side scatter parameters. For two-color 
analyses 10 000 events were collected per sample. Fifteen 
thousand events were collected for samples stained for three 
different markers. Where specified, percentages were determined 
with FACScan Research software. 

Mixed lymphocyte reaction (MLR) and limiting dilution assay 
For MLRs, media was also supplemented with IL-2 in the form 
of supernatants from cultures of IL-2-gene transfected X63/0 cells 
provided by Fritz Melchers (26), The final concentration of IL-2 
used was 20 units/ml, one unit being defined as the dilution of 
supernatant required to achieve 50% maximal proliferation of 
the IL-2 dependent CTLL cell line (27) obtained from ATCC 
(Rockville, MD), Cultures were set up in U-bottom microtitre wells 
in a 200^ volume. Varying numbers of responders were 



combined with 5 x 10* irradiated [2000 rad, "^Co source 
(Gammacell, Atomic Energy of Canada. Ottawa, Ontario, 
Canada)], C57BL(6 (H.2'^ male, or C57BU6 female, spleen 
cells. Between 3 and 4 days after initiation of cultures, all wells 
received 1 ^Ci of [^HJthymidine (no. NET-027X, Dupont 
Canada) diluted in culture media. Between 4 and 6 h later, 
cultures were harvested onto glass fitters, dried, and counted 
in a scintillation counter. The frequency of T cells that proliferated 
in response to male antigen was estimated by limiting dilution . 
assay in U-bottom microculture plates. Cultures included 
2x10* male peritoneal exudate cells per well that had been- 
irradiated with 2000 rad, 20 U/ml of IL-2, and graded numbers 
of responding lymph node cells from the mice specified. Twenty 
four replicate cultures were set up for each of the responder cell 
doses used. Nine days later cultures were scored for proliferation 
using an inverted microscope. Wells containing an estimated 
excess of 20 viable lymphoblasts were considered positive. 
Frequency estimates were based upon a linear approximation 
of data on a semilog non-responder plot as described previouslv 
(28). 

Apoptosis 

DNA fragmentation was assessed as described previously (29), 
Briefly, 8 x 10^ cells were pelleted in an eppendorf centrifuge 
tube and resuspended In 0.4 ml of hypotonic lysis buffer (10 mM 
Tris, pH 7.4. 1 mM EDTA, 2% Triton X-1 00; Sigma). Samples 
were spun for 10 min at 16 000 g, and the supernatant was 
transfered to a new tube. Each tube then received an equal 
volume of isopropanol and 80 of 5 M NaCl. The contents were 
thoroughly mixed and incubated overnight at -20°C, Samples 
were then spun for 30 min at 16 000 g at 4<'C. Precipitates were 
air dried, resuspended in 5 fi\ of TE (10 mM Tris. pH 8.0, 1 mM 
EDTA), 2 m1 of loading buffer (0.25% bromophenol blue and 40% 
sucrose in water), and run on a 1 % agarose gel in Tris - borate 
buffer. As a positive control for DNA fragmentation during 
apoptotic cell death, DNA was isolated from the same number 
of thymocytes (8x10^ cultured for 6 h after Irradiation with 
1000 rad (29). 



Results 

Male-specific CDd-" T cells are deleted in the peripheral 
lymph nodes but not In the, ^ymus of female transgenic 
mice neonatatly tolerized to the male antigen 

In the female TCR transgenic mice used in this study there is 
an overproduction of mature CD8* thymocytes, the vast major- 
ity of which express the c^t TCR (where subscript T indicates 
transgenic) specific for the H-Y antigen plus H-2D^. This over- 
production of transgenic TCR-expressing mature CDS* 
thymocytes is a consequence of the positive selection of immature 
thymocytes developing in an H-2*> thymic environment (24,30). 
The clonally distinct portions of the transgenic TCR are encod- 
ed by the V^.2 and yj3 gene segments, the products of which 
are detected by the F23. 1 (23) and T3.70 (24,25) mAbs respec- 
tively. As a result of the differential effects of the 0 and a tran- 
sgenes on the functional rearrangements of endogenous and 
genes (31.32), and positive selection by the H-2D'> molecule 
(24.30). the V^.2 and V„3 transgene products are not express- 
ed identically in mature CD4+ and CD8+ thymocytes. Thus, 
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mature CD8+ thymocytes from female transgenic mice are 
predominantly of the CD4-CD8+F23.1 +T3.70+ phenotype. 
and mature CD4 thymocytes from these mice are mostly of the 
CD4*CD8-F23.1+T3.70- phenotype. 

To determine if the development of male specific CD8+ T 
cells in female transgenic mice was affected by induction of 
neonatal tolerance, female transgenic mice were given an 
intraperitoneal injection of 2-4 x 10^ male (H-2'») spleen cells 
within 24 h of birth. Thymocytes and lymph node cells were 
collected from uninjected transgenic female mice or neonatally 
tolerized mice at 6 weeks of age and analyzed as described in 
Fig. 1 . The analysis involved three^jolor staining of thymocytes 
or lymph node cells with mAbs directed against CD4 (PE 
labelled). CD8 (fluorescein-labelled), and either the Vp8.2 
transgene (tandem labelled F23.1) or the V„3 transgene 
(tandem-labelled T3.70) product. A total of five uninjected and 
1 0 neonatally tolerized female mice were analyzed in this manner, 
and a representative set of data is shown in Fig. 1. In the 
uninjected transgenic female, mature CDS* thymocytes, 
constituted^ 26% of the cells and 93% of these expressed 
exclusively high levels of aj&f TCR, By comparison. 19% of 
thymocytes from neonatally tolerized female transgenic mice were 
of the mature CD8+ phenotype and 94% of these thymocytes 
expressed high levels of the a^0^ TCR. This slight reduction in 
the percentage of CD4-CD8+ thymocytes in neonatally 

Thymocytes 
ap tol ap 
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tolerized female transgenic mice was a consistent finding 
(25.6 ± 2.0% SD; n = 5 for non-tolerized females versus 
19.0 ± 2.0% SD; A) = 10 for tolerized females). In the lymph 
nodes of untreated mice CD8+ T cells comprised 26%, 68% of 
which expressed mainly high levels of the TCR. The 
preferential expansion of CD8+ T cells of the F23.1+T3.70- 
phenotype in the peripheral lymphoid organs has been noted 
previously (24). This may be a consequence of priming by 
environmental antigens. A greater decrease in the percentage 
of CD8+ cells was observed in the lymph nodes of tolerized 
female transgenic mice (26.5 ± 2.8%; /? = 5 for non-tolerized 
females versus 10.6 ± 1.8%; n = 10 for tolerized females). More 
significantly, and unlike the uninjected control. CD8* lymph 
node celts from the tolerized mice were virtually devoid of cells 
expressing high levels of the TCR. 

It can be seen in Fig. 1 that 14% of CD8+ T cells in the lymph 
nodes from tolerized female mice were not stained by the F23.1 
mAb whereas virtually all T cells from the lymph- nodes of 
uninjected female mice were F23.1 Similarly, dual staining of 
tolerized lymph node cells with anti-Thy-1 and F23.1 indicate that 
13.0 ± 1.4% (n = 3) of Thy-1+ ceils were F23.1-. These 
Thy-1 + F23.1 - T cells In tolerized female mice are likely of C57L 
donor (male) origin since in C57L mice the gene family has 
been deleted and T cells from these mice are consequently not 
stained by the F23.1 mAb (33). In contrast to the lymph node 



Lymph node cells 

otp tol ap 




















26 

) 








12 



CDS log fluorescence 




T3.70 log fluorescence 
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b mAb histograms below (transgenic ^ chain detected by mAb F23.1 and transgenic a chain detected 
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Table 1 . Deficiency of male-reactive cells in neonatally tolerized lymph node cells 






Responder cells 


No. of cells/well 


Stimulator spleen cells 




, 






B6 male- 


B6 female 


bml female 


ajJ female thymocytes 


3 X 10* 
1 X 10* 
3 X 103 


78 677 
29 507 
10 239 


1072 
537 
367 


3102 
1776 
1166 


Of? female LN celts 


3 X 10* 
1 X 10* 
3 X 10^ 


56 309 
14 235 
4643 


4026 
1044 
498 


10 499 
5681 


Neonatally toleri2ed 
a$ female thymocytes 


3 X 10* 
1 X 10* 
3 X 103 


31 822 
8017 
3077 


644 
437 
329 


1242 
861 
344 


Neonatally tolerized 
a/3 female LN cells 


3 X 10* 
1 X 10* 
3 X 103 


6937 
2436 
685 


2829 
991 
420 


8071 
3805 
1963 



Jr^H^^^rT^ J^^^^ nymouytea or "V^pn nope cei s were cultured with irradiated spleen cells as described in Methods, Each culture was. 
fsW^J^tJL^/f °L^^ cu"^res were set up in quadruplicate and their proliferate responses assayed at 72 h 

[^HJthymidine (1 ^iCi) was added to each culture during the last 6 h of culture. ^ <« i ^ 1 1. 



cells, all CD8+ thymocytes from the tolerized female mice were 
stained with the F23.1 mAb. indicating their transgenic origin. 
These data suggest a correlation between donor T cell chlmerism 
and the absence of host derived male-specific CDS* T cells in 
the lymph nodes of tolerized mice. This deficit in transgenic host- 
derived CDS* lymph node celts expressing the transgenic TCR 
was observed at 3 weeks of age and persisted in tolerized 
females up to 36 weeks after birth, the oldest age at which the 
mice were analyzed (data not shown). Spleen celts recovered 
from tolerized animals showed a similar deficit tn male-reactive 
CDS* T cells (data not shown). 

We have previously shown that the response by CD8+ T cells 
from female transgenic mice to male stimulator ceils correlates 
with the expression of high levels of the aji^r TCR (2.34). As 
Illustrated In Table 1 , CDS* T celts reactive to the male antigen 
can be detected in the thymus of neonatally tolerized female 
transgenic mice despite the paucity of CD8+ T cells reactive to 
the male antigen tn the lymph nodes of these animals. 
Furthemore, the CDS* celts In the lymph nodes of tolerized- 
mice were otherwise functionally normal as assessed by their 
response to bm1 (an H.2K'» class I MHC mutant mouse strain) 
stimulator cells (Table 1). Thus, the hyporesponsiveness of 
CDS* lymph node cells from tolerized females to the male 
antigen is antigen spedfic. It should be noted that although the 
thymocytes from tolerized females responded to the male antigen, 
this response was consistently about one third that observed for 
non-tolerized females. One potential explanation for this 
hyporesponsiveness is that some male cells entered the thymus. 
Such male cells fail to mediate deletion, as evidenced by the 
presence of CD4+CD8+ thymocytes, but may interfere with the 
maturation/function of mature CDS* male-specific cells as 
evidenced by their reduced numbers and the greater than 
expected reduction in the anti-male response. To examine 
whether the lymph nodes of tolerized mice contained cells which 
were cytotoxic or suppressive for male-specific CDS* T cells the 
fomier were co-cultured with the latter and male stimulator cells. 



As shown in Table 2 the nriale-specific response of either 
thymocytes or lymph node celts from uninjecled female mice was 
unaffected by the presence of lymph node cells from tolerized 
female mice arguing against the involvement of a cytotoxic or 
suppressor mechanism regulating the function of male-specific 
T celts. 

The data described above demonstrate the persistence of mate 
reactive CDS* T cells in the thymus but not the lymph nodes 
of neonatally tolerized mice. These observations contrast with 
those obtained in studies of neonatally Induced tolerance to minor 
lymphocyte stimulating (Mis) antigens and MHC antigens since 
In those studies neonatally induced tolerance was found to be 
associated with the functional deletion of antigen reactive T cells 
in the thymus (35-41). To determine whether deletion of 
transgenic TCP-expressing immature thymocytes could occur 
at earlier times post-tolerization. thymocytes from neonatally 
tolerized females were analyzed at 8 days following injection of 
male spleen cells. As shown in Fig. 2. there was no evidence 
of significant deletion even in 8 day old animals. The proportion 
of thymocytes expressing low levels of the transgenic TCR in 8 
day old animals was equivalent in uninjected mice and female 
mice injected at birth with male cells. By contrast, the deletion- 
of male-specific precursors In 8 day old male transgenic mice 
was virtually complete and this deletion was associated with the 
loss of CD4*CD8* thymocytes expressing low levels of the 
transgenic TCR (2,34). In accord with previous observations, the 
surviving thymocytes were largely of the CD4-CD8- phenotype 
(Fig. 2) and these cells expressed high levels of the transgenic 
TCR (2,34). It is also clear from the data in Fig. 2 that even by 
8 days of age little positive selection has occurred In the 
uninjected transgenic mice, this being indicated by the low 
percentage of mature CD4-CD8* thymocytes. By 3 weeks of 
age, mature CDS* thymocytes expressing ot^t TCR comprised 
> 1 0% of thymocytes in female transgenic mice, regardless of 
whether they were neonatally tolerized with male spleen cells 
(data not shown). This observation is consistent with our previous 
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Fig. 2, No evidence of thymic deletion of male antigen-specific ceils shortly after injection of neonates with male spleen cells. Eight days after neonatal 
injection of male spleen cells, thymocytes from a0 female mice were compared with thymocytes from untreated a/5 female or a/3 male mice for CD4. 
CDS, and TCR expression. Percentages of the four thymic subpopulations distinguished by CD4/CD8 staining are indicated. The corresponding 
TCR o-chain specific (T3.70) and /9-chain specific (F23.1) staining for the entire thymocyte population is shown below. The biphasic fTCR^ and TCR"^ 
staining pattern is lost through negative selection against off thymocytes in male transgenic mice leaving only a0 JCfP CD4~ CDS" T cells whereas 
neonatally tolerized thymocytes maintain a normal pattern of CD4/CD8 and TCR expression relative to untreated transgenic female control mice. 



report that negative selection of CD4+CD8+ thynnocytes 
expressing this transgenic TCR can precede positive selection 
by at least 2 weeks (25). This inaplies that for this particular TCR. 
positive selection need not precede negative selection. 

Preferential loss of male-specific CDS* T cells in the lymph 
nodes of normal (non-transgenic) female mice neonatally tolerized 
to the male antigen 

One trivial explanation for the lack of male-specific T cells in the 
lymph nodes of tolerized animals is that male-specific T cells are 
not exported from the thymus to the lymph nodes of these mice. 
To determine more directly whether the lymph nodes of tolerized 
mice were suited for the survival of male specific T cells. 
5x10^ thymocytes from female transgenic mice were injected 
intravenously into either normal C57L female, normal C57L male, 
or neonatally tolerized C57L female mice. The composition of 
injected transgenic thymocytes was: 13% CD4+. 64% 
CD4+CD8*. 7% CD4-CD8-. and 16<Vb CDS*. Three days 
after injection, lymph nodes of injected mice were harvested. 
Injected transgenic thymocytes were distinguished from recipient 
cells using the F23.r marker which as noted above, is not 
expressed in C57L mice. To isolate these transgenic cells, lymph 
node cells were labelled with fluoresceinated F23.1 mAb and 
sorted using the FACStar Plus cell sorter. The sorted cells were 
then labelled with (i) mAbs to CD4 (PE labelled) and CD8 



(trandem labelled), or (ii) mAbs to CD4 (phycoerythrin labelled) 
and F23.1 (fluorescein labelled), or (3) mAbs to CDS (PE labelled) 
and T3.70 (Tandem labelled). The results of one of three such 
experiments are illustrated in Fig. 3. Three days after injection 
about 3% of the lymph node cells were of transgenic origin, 
staining intensely with the F23.1 mAb. As shown in Fig. 3. fewer 
CDS* cells of transgenic origin were recovered from the lymph 
nodes of the tolerized female mouse (21%) when compared to 
the non-tolerized female (58%). Consistent with this low recovery 
of CDS* cells is the observation that there is a corresponding 
increase in the proportion of CD4+ cells in the tolerized recipient 
(54% versus 27%). Nearly all the CD4+ cells were F23.1 + 
indicating that they were of transgenic origin (compare rows 2 
and 3 of Fig. 3). More significantly, there was a 6-fold decrease 
in the proportion of CD8+ T3.70+ cells in the lymph nodes of 
the tolerized female mice when compared to the normal control 
(row 4 of Fig. 3). This preferential loss of male specific CDS* T 
cells in the tolerized recipient was even more apparent than that 
observed in the normal male recipient (Fig. 3). 

An independent assessment of the preferential depletion of 
male-specific cells in the lymph nodes of tolerized female or male 
mice was provided by determining the frequency of male-specific 
cells in the lymph nodes of recipient mice injected 3 days 
previously with transgenic female thymocytes. As shown in Fig. 
4, the frequency of male specific T cells in lymph nodes recovered 
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13.70 log fluorescence 

Fig. 3. Selective loss of the CD8"^ male-specific T cell subset after 
injection of transgenic thymocytes into non-transgenic male mice or non- 
transgenic tolerized female mice. Norvtransgenic recipients were injected 
intravenously with 5x10*^ transgenic female thymocytes. Three days 
later, donor cells were re-isolated from each of the three recipients by 
cell sorting on the basis of intense staining with F23.1 (top row). The small 
subpopulation of F23.1-^ donor (transgenic) origin could be resolved' 
from Fc receptor positive B cells that stained weakly with F23, 1 (shoulder 
on the F23.1 negative peak). The perentage of donor F23.1* cells 
subjected to cell sorting is given. Sorted cells were then stained for CD4, 
CDS, or T3.70 expression as described in Methods. 



from a normal C57L female recipient was 1/3000. By contrast, 
the frequency of male-responsive cells in lympfi nodes of tolerized 
female or male recipients was 10-fold less, about 1/30 000. The 
frequency of 1/30 000 represents a background response to IL-2 
since this frequency was also observed for all three populations 
of lymph node cells when they were stimulated with female 
instead of male stimulator cells. This result suggests that few if 
any functional male reactive CD8* T3.70* T cells were 
recovered from the lymph nodes of the tolerant female or male 
recipient. The staining data in Fig. 3 suggest that some CDS"" 
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Fig. 4. Clonal elimination of functional male antigen-reactive cells in 
neonatally tolerant females injected with transgenic female thymocytes. 
C57L female (O), C57L male (A) or tolerized female (A) non-transgenic^ 
recipients were injected with a0 female thymocytes as described in Fig. 
3. Three days later, the frequency of male antigen-reactive cells within 
lymph nodes was assessed in a limiting dilution assay for proliferative 
T cell precursors as described in Methods. Data points correspond to; 
the proportion of replicate wells not showing evidence of proliferation at 
the specified responder cell dose. 



T3.70+ cells were recovered from the lymph nodes of these 
mice. However, it should be noted that these cells appear to have 
downregulated their surface expression of CDS. As reported 
recently, T cell anergy can also be associated with CDS and TCR. 
downregulation (42.43). Thus, in. addition to deletion of male- 
reactive CD8+ T cells, these additional mechanisms may 
contribute to the tack of anti-male responsiveness: 

Evidence for deletion of male-specific CDS* T cells exposed to 
the male antigen 

The experiments described in the two previous sections are 
consistent with the interpretation that male-specific T cells were 
deleted upon encountering male cells in the lymph nodes of. 
tolerized animals. However, the possibility that the lack of male- 
specific T cells in the lymph nodes of tolerized mice may be due 
to efficient sequestration of these cells in other extrathymic 
compartments could not be ruled out. Additional data provided 
more direct evidence that this loss of male-specific CD4+CD8+' 
T cells in the lymph nodes was due to specific elimination of male 
antigen reactive T cells. It was recently- reported that 
staphylococcal enterotoxin B (SEB) reactive V^S-^ splenic T cells 
underwent programmed cell death (apoptosis) shortly after 
injection of mice with SEB (44). Cell death was associated with 
the characteristic fragmentation of genomic DNA (29,45,46). The 
low recovery of donor female TCR transgenic cells after injection- 
into neonatally tolerant females precluded analysis of apoptosis 
in these cells. We therefore examined whether there was any 
evidence of apoptosis of male-specific CDS* T cells in the 
peripheral lymphoid organs after intravenous injection of female 



18069302 



Extrathymic deletion of mature CD8* T cells 605 
Male Female I ' ~ 



Thy U 4 8 U 4 8 



PI 

m 



Fig. 5. DNA fragmentation and preferential apoptosis of CD8* cells 
from transgenic female mice injected with male antigen. DNA was isdaled^ 
from unseparated (= U) lymph node cells obtained from a/3 transgenic 
female mice injected four days previously with either male or fem^e 
(control) cells as indicated and compared with DNA isolated from CD4* 
C«4) or CDS"^ (= 8) subpopulations. Irradiated thymocytes (oThy) 
provided a positive control for cells undergoing apoptosis arKl DNA 
fragmentation (see Methods). The amount of DNA in each lane is the- 
equivalent of the total soluble DNA released by the same number of cells 
(8x10^ during the 3 h culture period. 

transgenic mice with 1x10^ (70% spleen cells, and 30% 
lymph node cells) C57L male or female cells. Four days after 
injection the lymph node cells from recipient mice were harvested 
and fractionated into CD4* and CD8+ populations by two<;olor 
cell sorting. The sorted ceils were then cultured for 3 h at 37°C 
and lysed. Soluble DNA was precipitated and subsequently run 
on an agarose gel to assess whether the male specific CD8* 
T cells were undergoing apoptosis preferentially when compared" 
to CD4+ T cells which were not male-specific. The results from: 
one of three such experiments are shown in Fig. 5. It is clean 
that CDB^ lymph node- T cells from the. transgenic mouse 
injected with male cells had fragmented more DNA when 
compared to control CD4+ T cells isolated from the same- 
mouse and processed in an identical fashion. The background- 
apoptosis by CD4 + T cells was comparable to that observed for 
CD4+ and CDS^ T cells isolated from female transgenic mice 
Injected with C57L female ceils. Such background apoptosis was 
greater than that observed among unseparated cells, which were 
kept on ice for the 3 h incubation period, and may therefore reflect 
norvspecific effects from the staining/sorting procedure. It should 
be noted that the DNA from each lane represented the total- 
soluble DNA released by the same number of cultured CD4+ 
and CD8+ T cells during the 3 h incubation period. These data 
provide direct evidence that male specific CDS* cells can be 
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Fig. 6. Prolonged survival and peripheral expansion of CDS* male 
antigen-specific T-cells in mate mice undergoing a GVHR. 

(C57L X bm12)Fi female (----) or (C57L x bm12)Fi male ( ) mice 

were Injected with 1 x 10^ lymph node cells from a/3 transgenic female 
mice with (■) or without (□) GVHR-inductng C57L female (spleen and 
lymph node) cells. Spleen cells were isolated from mice at various time 
points after injection, counted, and stained with T3.70 and anti-CD8 mAb 
to determine the number of donor derived male antigen-specific T cells. 
This number was compared to the numt^er of CD8+ TaJO"*" cells 
present in the 10' transgenic T cells originally Injected (« 100%). 



deleted within peripheral lymphoid organs containing male 
antigen presenting cells (APCs). However, they do not exclude 
the possibility that male-specific cells can be sequestered in other 
extrathymic compartments. 

In vivo proliferation of male-specific CD8^ T3J0* T cells in the 
presence of excess activated CD4* T cells 
The efficient in vivo elimination of male-specific CD8* T cells by 
male splenic and lymph node cells is somewhat surprising since 
the same source of APCs can stimulate an anti-male response 
in vitro. Although the basis for- this difference remains to be 
determined - It was important to, estciblish that in certain 
experimental situations the male-specific CD8* T cells could in 
fact respond to the male antigen in vivo. To promote activation 
and clonal expansion of male antigen specific CDS* T cells 
upon exposure to male antigen bearing cells in vivo, we sought 
to generate a GVHR In which CD4+ T helper cells could be 
activated by the same cells presenting male antigen to CD8+ 
transgenic T cells. We reasoned that the activated CD4* T 
helper cells might bind to the same male APC as the CD8+ 
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Table 2, Male-reactive cells are not inhibited by lymph node cells from neonatally tolerized mice 




Responder cellsAvelt 


No. of cells/well 


Ac.p.m. (male -female) 

ExDerirrtent 1 


Experiment 2 


ot^ female thymocytes 


3 X 10* 
1 X 10* 
3 X 10^ 


36 530 
12 118 
4442 


77 605 
28 970 

\iofc. 


Tolerized LN cells 


3 X 10* 
1 X 10* 
3 X 10^ 


598 
285 
-112 


4108 
1445 

OCR 


a& female thymocytes + 
tolerized LN cells 
(1:1 mixture) 


3 X 10* 
1 X 10* 
3 X 103 


23 026 
6359 
1654 


48 746 
12 979 


a0 female LN cells 


3 X 10* 
1 X 10* 
3 X 103 


48 963 
15 806 
4856 


52 283 
13191 


off female Ln cells + 
tolerized LN cells 
(1:1 mixture) 


3 X 10* 
1 X 10* 
3 X 103 


28131 
6436 
1905 


28 890 
8713 
3232 



Culture conditions are as described In Table 1. 



mate antigen-reactive T cells and the proximatlon of these two 
cell types might support the proliferation of male-specific T cells 
that would otherwise be eliminated. To this end,. 
{C57L X bm12)FT male- recipient mice were injected with 
1x10^ lymph node cells from female transgenic mice and 
1 X 108 Q57L female cells (70% spleen cells and 30% lymph- 
node cells). The Injected C67L female cells should induce a 
QVHR against the mutant l-A" class It MHC molecule expressed 
by male host cells. Such class II MHC-directed GVHR have been 
shown to be due to activated CD4* T cells (47). It is clear from 
the data in Fig. 6 that, in the presence of GVHR-activated CD4+ 
T cells, male-specific CD8* T3.70+ T cells proliferated 
vigorously In the spleens of recipent male mice reaching 1 0 times 
the input in the spleen alone, 5 days after Injection of the male- 
specific cells. The proliferation of these cells was antigen specific 
since only background levels of male specific cells could be 
recovered from female recipient mice even when they were 
undergoing a GVHR (Fig. 6). Similar results were observed in 
the lymph nodes of recipient male mice and at the peak of the 
male response. 5 times the input cell number were recovered 
from the lymph nodes (mesenteric, inguinal, auxiliary, and 
brachial) of male recipient mice undergoing GVHR (data not 
shown). These data support the conclusion that the efficient 
deletion of male-specific T cells by male APC in vivo can be 
partially circumvented by an excess of activated CD4+ T helper 
cells. If GVHR-inducing C57L female cells were omitted from the 
injection, the number of male-specific CD8+ T3.70* T cells in 
the spleen of recipient mice declined rapidly after day 3, falling 
to background levels by day 1 1 (Fig. 6). The fact that close-to- 
input numbers of CD8+ T3.70* cells were present in spleens 
of these mice on day 3. significantly more than the numbers in 
the spleens of control female recipients, Implied that altered 
trafficking or some degree of clonal expansion was occuring 



in vivo. This proliferation may have been supported by a mild 
QVHR from transgenic donor CD4+ T cells responding to host 
bm12 alloantigen. 

Discussion 

In this report, evidence is presented supporting the extrathymic 
deletion of mature CD8+ T cells as one means of achieving 
peripheral T cell tolerance. Male spleen cells were introduced 
into fennale neonates expressing TCP specific for the male antigen 
presented by H-2D^ class I MHC molecules. The intrathymic. 
and extrathymic development of male antigen-specific CD8* T 
cells was subsequently monitored with mAbs specific for the 
transgenic TCR and by in vitro functional assays. The infusion 
of male cells into neonatal transgenic females prevented the 
accumulation of male-reactive CD8* T cells In peripheral 
lymphoid organs. This observation was consistent with previous 
observations documenting the absence of functional donor- 
specific host cells In the peripheral lymphoid organs after 
induction of neonatal tolerance (35-41). However, and in 
contrast to situations where neonatal tolerance was induced to 
full MHC (35-37) or Mis (38-41) antigenic disparities, infusion 
of male cells did not prevent either the development or function 
of male-specific CD8* T cells in the thymus. We did obsen/e a 
small but consistent decrease in the proportion of male-specific 
CDS* T cells in the thymus of neonatally tolerant female mice. 
This could reflect migration of male donor cells into the thymus 
in numbers too low to effect complete negative selection. The 
difference in the degree of central (thymic) deletion of male 
reactive T cells relative to that reported for M HC or Mis neonatal 
tolerance systems may also reflect differences in the nature and 
expression of the antigen in question as well as other phenotypic 
properties of donor cells gaining access to the thymus. For in- 
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Stance. Webb and Sprent reported that donor Mls«+ CD8+ T 
cells were much more effective than CD4+ T ceils and B cells 
at imposing functional tolerance and intrathymic deletion of 
Mls«*reactive host cells (40). They have also reported that 
different antigens may vary with respect to their capacity to 
impose tolerance even when expressed on cells of a given 
phenotype (i.e. thymic epithelium) (48). Given that neonatal 
tolerance is generally associated with detectable levels of 
intrathymic chimerism (37) we conclude that male donor cells 
that enter the thymus are relatively ineffective In Inducing 
intrathymic tolerance induction. 

There are only a few reports In which direct evidence of 
peripheral clonal deletion of mature T cells has been described. 
Kawabe et al. (44) and White et af. (49) found that mature SEB 
reactive. VgQ* CD4+ T cells were eliminated from the thymus- 
(49) and periphery (44) after injecting SEB. The SEB reactive T 
cells appeared to be eliminated through an apoptotic process 
(44). Jones et al. (50) reported that in IE+ mice treated from 
birth with anti-IE mAb. Vp6^ T cells escaped deletion and ac- 
cumulated in the periphery. When anti-IE treatment was discon- 
tinued numbers of peripheral V^6+ CD4+ T cells diminished 
progressively. Russell etal. (51) reported that mature T cells could 
be deleted if initially stimulated in vitro by APCs in an 11 day 
mixed lymphocyte culture and subsequently by TCR crosslink- 
Ing by immobilized anti-TCR antibodies. The relevance of TCR 
crosslinking by antibody to physiological signalling fn vivo is 
unclear but these observations do provide a precedent for the 
deletion of mature T cells upon TCR engagement. Rocha and 
von Boehmer (42) found that when male specific TCR transgenic 
T cells were injected Into male nude mice they underwent a 
translant (5 day) proliferative phase followed by a pronounced 
decline in cell numbers. Male specific donor cells that persisted 
after 20 days were no longer responsive to stimulation with male 
antigen in vitro. Finally, Webb et al. (52) described similar 
observations of peripheral elimination of Mls^-reactive- 
CD4+V^+ T cells injected into Mls*+ adult thymectomized 
mice. CD4+V^6+ donor cells entered a proliferative phase after 
injection into Mls»+ mice. Numbers of CD4*V^6+ cells reached 
their maximum numbers on day 4, fell sharply by day 7, and 
declined to 2% by day 22; those cells that persisted were 
hyporeactive to Mls». Although the systems of Rocha and von 
Boehmer (42) and Webb et af. (52) differ In several Important 
respects (male versus Mis antigen, CDS versus CD4 T cell subset, 
nude versus adult thymectomized host respectively) the kinetics 
and pattern of transient proliferation followed by peripheral clonal 
elimination and hyporeactivity were very similar. In contrast, we 
found that the kinetics of elimination of CDS* male specific T 
cells after Injection into normal male mice or neonataJly tolerant 
female mice proceeded much more rapidly. Thus, clonal 
elimination was nearly complete at day 4 when. In the afore- 
mentioned studies, in vivo clonal expansion was reaching Its 
peak. Although we cannot rule out the possibility that prior to 
elimination specific T cells exposed to male antigen undergo a 
blastogenic response, the tempo of clonal elimination observed 
makes it difficult to reconcile our observations with a concept of 
'exhaustive differentiation' (52) where in vivo clonal stimulation 
and clonal expansion lead to clonal elimination. Both the rate 
of clonal elimination and the observation that apoptosis of CDS* 
T cells was occuring as a consequence of exposure to male 
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antigen in vivo seems to be more suggestive of a mechanism 
of clonal elimination whereby inappropriate signalling has 
occured In the process of antigen presentation (53). 

We have used several systems to reveal extrathymic clooal 
elimination of male-specific T cells; ct^ female mice rendered 
neonataily tolerant to male antigen (Fig. 1), male mice injected 
with ajS female cells (Rg. 3) and female transgenic mice 
Injected with male cells (Fig. 5). The fact thai male antigen specific 
cells do not accumulate In significant numbers in the periphery 
of neonataily tolerant aj8 female mice despite their maturation' 
within, and presumed emigration out of, the thymus suggests 
that clonal elimination in the periphery of these mice occurs rather 
quickly. Thus on the basis of specificity (i.e. the requirement for 
exposure to male antigen expressing cells) and the rapid kinetics 
of male-specific T cell elimination observed in these three 
protocols the process of clonal elimination may occur by a 
common mechanism, i.e. apoptotic cell death. It Is quite possible^ 
that the increase in apoptosis we observed among sorted CD8+ 
T ceils from female transgenic mice injected with male cells is 
a significant under-representation of an ongoing in vivo process. 
The lymphocyte isolation procedure selects for viable cells. Under 
these conditions, the DNA laddering obtained from lymph node- 
cells reflects apoptosis of only that subpopulation of cells that 
have begun DNA degradation but have not yet developed altered: 
light scattering characteristics associated with the later stages, 
of apoptotic cell death (54). Finally, we have no direct information 
on the proportion of the. 10^ male cells injected that have 
recirculated to the lymph nodes and are responsible for inducing • 
apoptosis. The degree of apoptosis observed could therefore 
be limited by the number of donor male cells that enter the lymph 
nodes. 

The cellular mechanisms responsible for the selective 
elimination. of mature CDS* male-specific T cells in peripheral' 
lymphoid organs remains to be defined. More specifically, the 
differences in the response pattern of male-specific CDS* cells 
upon exposure to male antigen in vitro and in vivo, and in normal 
versus nude male mice, needs further clarification. Nevertheless, 
several possible explanations for the observed In vivo elimination ■ 
in euthymic male mice can be considered. It is likely that, in the 
absence of effective priming to the male antigen, the frequency 
of male antigen specific CD4* T helper cells in naive 
populations of T cells from female transgenic mice is too low to 
provide adequate helper functions required to support a 
significant anti-male response by CDS* T3.70+ T cells. 
Engagement of the CD8+ male specific T cells with cells 
presenting male antigen may be sufficient to trigger the former 
to express IL-2 receptors. In the absence of appropriate helper 
signals the T cell may then be Inactivated (55). Accordingly the 
elimination of CDS* cells would be a secondary, or passive, 
outcome of insufficient support from T helper cells. The 
observation that activated bystander CD4* T cells can interfere 
with the elimination of CDS* cells in vivo Is consistent with such 
a hypothesis. However, clonal inactivation resulting from T helper 
cell insufficiency has most often been associated with the 
induction of clonal energy (14-16.55) which Is in contrast with 
the deletion of male specific CDS* cells observed in this study. 

An alternative mechanism that may be responsible for the 
specific elirriination of male antigen specific Tcells in the periphery 
involves the action of veto cells (56-58). The veto model 
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proposes the existence of two sets of functionally distinct APCs, 
one set that promotes the activation of resting T cells and a 
second set that deletes (vetos) precursors of CD4+ T helper (59) 
or CD8+ cytolytic (56-58) T cells. Here, the male cells injected 
into neonatal female transgenic mice would contain male-anttgen- 
bearing veto cells that inactivate the transgenic T cells recognizing 
them. The observation that aj8 transgene bearing cells are deleted 
in the periphery but not In the thymus (Fig. 1) would imply that 
veto cells do not accumulate to a significant degree In the thymus. 
Veto cells can only act on precursor T cells shortly after they have 
been signalled through their TcR and before they have become- 
mature effector T cells (60). Thus, If stimulatory APC and help 
are both present in excess, T cells may become activated and 
receive help before encountering a veto signal. This may explain- 
why transgene-bearing cells can become activated in vivo, even, 
in the presence of veto activity, when a very strong helper stimulus 
is provided (Fig. 6 and ref. 61). The veto model does not provide: 
an explanation for the ultimate elimination of male antigen specific.. 
CDS* T cells as shown in Fig. 6, or in male nude mice (42): 
where T cell activation/proliferation has preceded their elimination.. 
Clearly, either the integrity of CDS* T cells becomes pro- 
gressively dependent upon support from other cells or additional 
mechanisms are operating in vivo to limit their expansion and 
survival. 

Despite the effectiveness of the peripheral deletion mechanisms 
involved we could Interfere with the elimination of male reactive 
CD8* T cells by creating a concurrent GVHR directed against- 
alloantigens on host cells co-expressing the male antigen. Under 
these conditions male (host) antigen presenting cells could 
theoretically provide a physical link (62, 63) between CDB^ 
male-specific T cells and CD4+ T cells activated in the GVHR. 
It is also possible that in vivo proliferation of CD8+ male specific 
T cells during a concurrent GVHR may occur t)ecause male (host) 
antigen presenting cells are effectively converted by CD4+ T 
cells, from a non-stimulatory (deleting 7) phenotype, to a 
phenotype stimulatory for CD8+ T cells (64). In either case the 
prediction is that the physical potential for simultaneous: 
presentation of antigens on a single presenting cell to both 
CD4* T helper cells and CD8+ T cells would be required to see 
the effects of GVHR in supporting the proliferation of CD8+ T 
cells in vivo. 

In summary the study presented provides evidence for the 
existence of a tolerance mechanism whereby mature CD8* T 
cells encountering antigen In the periphery can be rapidly- 
eliminated. These results emphasize the potential importance and 
diversity of extrathymic. mechanisms in maintaining T cell 
tolerance. From the view of organ transplantation In humans, 
these mechanisms are potentially more relevant than intrathymic 
mechanisms since they involve the extrathymic tolerization or 
elimination of mature T cells which are the primary effectors in 
the rejection reaction. The ease by which ailoantigen specific 
T cell can be deleted or anergized following intravenous injec- 
tion of allogeneic lymphocytes provides a rationale for transfu- 
sion of donor lymphocytes to promote specific tolerance to 
transplantation antigens. The delineation of the cellular and 
biochemical mechanisms leading to peripheral T cell deletion or 
energy may lead to new strategies for preventing the rejection 
bf transplanted organs in humans. 
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APC antigen presenting cell 

E endogenous 

FCS fetal catf serum 

FITC fluorescein isothiocyanate 

QVHR graft versus host reaction 

IMDM lscove'8 modified Dulbecco's medium 

MLR mixed lymphocyte reaction 

PE phycoerythrin 

SA streptavidin 

SEB staphylococcal enterotoxin 6 

T transgenic 

TCR T cell receptor 
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